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General introduction 
The colon participates in the regulation of ion homeostasis of the entire 
organism. The direction of salt and water transport in either absorptive or 
secretory direction is determined by epithelial cells that form the barrier between 
the lumen of the intestine and the body. Ions are transported through the 
epithelial cells, a process that requires translocation over the plasma membrane. 
Specific proteins, that span the lipid bilayer of the cell membrane, facilitate the 
translocation of ions over these membranes. Some of these proteins are capable 
of actively transporting ions uphill, against their electrochemical gradients. This 
process is called active transport, and the proteins involved function as pumps. 
Energy, required for this process, can be obtained from the hydrolysis of 
adenosine triphosphate (ATP) into adenosine diphosphate (ADP) and phosphate. 
Proteins that couple the hydrolysis of ATP to active transport of ions over the 
cell membrane are referred to as adenosine triphosphatases (ATPascs). 
The Mg2+-dependent K+-stimulated H+-translocating ATPase belongs to this 
group of enzymes. The, so called, (H+-K+)-ATPase transports H+ out of the cell 
and K+ into the cell. It was first discovered in the gastric mucosa, where it 
mediates active H+ secretion into the lumen of the stomach |Forte et al. 19801. 
However, evidence has been provided for the presence of gastric-like (H+-K+)-
ATPases in epithelial cells of the mammalian distal colon |Suzuki et al. I993|, 
renal epithelial cells lining the collecting duct |Wingo and Cain, 1993|, airway 
epithelial cells |Smith and Welsh, 1993|, osteoclasts |Sarges et al. I993| and 
vascular smooth muscle cells (McCabe and Young, 1992|. 
This thesis deals with the localization and characterization of colonic (H+-
K+)-ATPase. Detailed characterization of (H+-K+)-ATPases is required to 
elucidate the structure and working mechanism of this enzyme in the different 
cell types, and to understand the differences in function and regulation. 
Investigating the functional properties of colonic (H+-K+)-ATPase is of both 
fundamental and clinical importance, since a new generation of inhibitors of acid 
secretion is now available and used for treatment of peptic ulcers and other acid-
related disorders, that directly inhibit the gastric (H+-K+)-ATPase [Sachs, 1988; 
Lindberg et al. 19901. Until now, the impact of these inhibitors on (H+-K+)-
ATPase in other cell types is unknown, and awaits further investigation. Finally, 
a feature of the colonic (H+-K+)-ATPase that makes studies in this epithelium 
particularly relevant is its localization in the apical membrane of the epithelial 
cells. Besides the (H+-K+)-ATPase, this membrane contains several other ion 
translocating mechanisms that are involved in absorptive and secretory processes. 
Some of these processes are effected in intestinal disorders, such as CI" secretion 
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in cystic fibrosis and secretory diarrhea. Studying the colonic (H+-K+)-ATPase 
is. therefore, also of pathophysiological importance since it can contribute to our 
understanding of transport mechanisms associated with the (H+-K+)-ATPase in 
the apical membrane of colonic epithelial cells. 
In the following paragraphs an overview will be given of the anatomy and 
physiology of the colonic epithelium and active ion transport processes that 
reside in this tissue, particularly K+ transport. In addition, structure and function 
of the colonic (H+-K+)-ATPase and current concepts regarding isolation of apical 
membranes from colonic epithelial cells will be presented. Finally, specific goals 
of this study are defined in the last paragraph. 
The colonic epithelium 
The mammalian colon is lined with a monolayer of epithelial cells that 
forms a barrier between the lumen of the gut and the serosal layers, as illustrated 
in Fig. 1. To accomplish its barrier function, the epithelium consists in epithelial 
cells that are connected via tight junctions, and is referred to as "moderately 
tight", based on its electrical resistance jSchultz, 1984]. This means that the 
Figure 1. Light microscopic view of the rabbit distal colon. 
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permeability of the paracellular pathway for solutes is less than in leaky epilhelia 
such as the small intestine, but not as low as in tight epithelia such as the renal 
collecting duct. Therefore, solute movement in either absorptive or secretory 
directions greatly depends on transcellular pathways. Several different cell types 
are involved in solute transport, which are located in morphologically and 
functionally different areas, namely the mucosal surface and the invaginated 
crypts. All colonic epithelial cells originate from undifferentiated stem cells, 
located at the base of the crypt. These cells give rise to three major cell types: 
columnar cells, goblet cells and enteroendocrine cells.The epithelial cells migrate 
and differentiate from the bottom of the crypt towards the surface of the 
epithelium, except for Paneth cells that remain at the bottom of the crypt. Fully 
differentiated cells end up in the surface area, from where they are desquamated 
ILipkin, 1987; Neutra and Louvard, 1989|. 
Electrolyte transport processes in the distal colon 
At normal conditions, the colon absorbs Na+ and CI", while HCO3" and K+ 
are secreted |Binder and Sandle, 1987). However, transport processes can be 
affected by the presence of various pathogens. Net water movement is passive 
and results from the direction of solute transport, the osmotic gradient, and the 
hydrostatic pressure [Escobar et al. 1990|. 
Na+ absorption involves transport against its electrochemical gradient across 
the distal colon epithelium. Two models for active Na+ absorption have been 
described |Schultz. 1984; Turnheim, 19911. in both models, Na+ absorption is 
energized by the (Na+-K+)-ATPase that translocates Na+ over the basolateral 
membrane. As a result, a gradient in Na+ concentration over the apical 
membrane is generated that favours Na+ influx. The two models for Na+ 
absorption differ in the mechanism that mediates Na+ translocation over the 
apical membrane. In the first model, shown in Fig. 2A, Na+ enters the cell 
through an amiloride-sensitive channel. This mechanism of active Na+ absorption 
has been demonstrated in most species. The alternative model, found in distal 
colon of rat. involves electroneutral cell entry across the apical membrane 
through parallel Na+-H+ and CI'-НСОз" exchange. Na+ absorption can be 
increased by mineralocorticoids or restriction in dietary Na+. Moreover, in rat, 
mineralocorticoids or high doses of glucocorticoids suppress electroneutral Na+ 
and CI" absorption, and stimulate the conductive Na+ absorption through 
amiloride-sensitive channels. K+ is accumulated in the cell due to the exchange 
with Na+ over the basolateral membrane, and can exit through K+-channels in the 
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basolateral or apical membrane |Dawson, 19911. Na+ absorption is electrogenic, 
resulting in a potential difference over the epithelium (lumen being negative). 
This electric polarity of the epithelium provides the driving force for 
paracellular CI" transport in the absorptive direction. CI" can also be absorbed 
through the transcellular pathway |Sellin and Duffey, I990|. Translocation of CI" 
over the apical membrane is mediated by different mechanisms. In rabbit, CI" is 
translocated by a Na+-independent (Cl"-HC03")-exchange mechanism. In rat on 
the contrary, CI" is absorbed through (CI"-HCC<3")-exchange acting in concert 
with (Na+-H+)-exchange |Dagher et al. 1993|. To accomplish net absorption, 
accumulated CI" can leave the cell through Cl-channels in the basolateral 
membrane | Dawson, 19911. 
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Figure 2. Schematic models for active Ni absorption (A) and CI secretion (B) in rabbit distal 
colon. 
12 Chapter 1 
The colonic epithelium is also able to secrete (11" and water (Fig 2B). 
Mechanisms involved in active CI" secretion include uptake across the basolateral 
membrane, catalyzed by the bumetanide-sensitive (Na+-K+-2CI)-cotransporter, 
and exit through CI -selective channels in the apical membrane. Like with Na+ 
absorption, this process is energized by (Na+-K+)-ATPase, that lowers 
intracellular Na+ to levels below its electrochemical equilibrium, thereby 
generating a driving force for Na+ influx. Coupling of СГ uptake to Na+ 
recycling across the basolateral membrane, provides the energy for CI" 
accumulation in the cell. K+ is also accumulated in the cell, due to the action of 
both (Na+-K+)-ATPase and (Na+-K+-Cl)-cotransporter. K+ and can leave the cell 
through K+-channels in both basolateral or apical membrane |Halm and Frizzell, 
1990: Dawson, 19911. 
Finally, HCO3" is secreted by means of passive diffusion through the 
paracellular pathway, and by active secretion through transcellular mechanisms. 
Active secretion involves HCO3" entry across the basolateral membrane through 
(Na+-HCO.r)-cotransport, energized by the (Na+-K+)-ATPase, and exit across the 
apical membrane by means of СІ-НСОз-exchange | Feldman et al. 1990|. 
K+ transport in the distal colon 
K+ can either be secreted or absorbed by the distal colon |Smith et al. I990|. 
Fig. 3. demonstrates the mechanisms involved in transcellular K+ fluxes. The 
transepithelial potential difference over the colonic epithelium, lumen 
electronegative with respect to serosa, favours paracellular K+ secretion over K+ 
absorption. Additionally, transcellular K+ secretion involves K+ transport across 
the basolateral membrane against the chemical gradient, a process catalyzed by 
(Na+-K+)-ATPase and the (Na+-K+-CI")-cotransporter. Therefore, K+ secretion 
can be enhanced by secretagogues that stimulate CI" secretion and by factors that 
stimulate Na+ absorption. However, K+ secretion can also be increased 
independently from CI" secretion. Moreover, Na+ absorption is not a prerequisite 
for K+ secretion. K+, accumulated in the cell, can exit in favour of the 
electrochemical gradient through K+ conductances in the apical and basolateral 
membrane. The extent of K+ secretion will be dependent on the relative 
conductance and electrochemical forces at the apical and basolateral membrane 
I Dawson, 19911. 
In order to accomplish net absorption, K+ must enter at the apical 
membrane through an active mechanism. During the last decade, substantial 
evidence has been obtained for the involvement of an (H+-K+)-ATPase in 
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catalyzing K+ movement across the apical membrane |Suzuki et al. I993|. In 
rabbit, this (H+-K+)-ATPase resembles the gastric and renal (H+-K+)-ATPase. as 
demonstrated by its sensitivity to an inhibitor of the gastric (H+-K+)-ATPase, 
SCH 28080 JWallmark et al. I987|. K+ can recycle through K+-channels in the 
apical membrane. However, K+ exit through K+ conductances in the basolateral 
membrane results in net absorption (Fig. 3). 
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Figure 3. Schematic model for K+ secretion and absorption in the mammalian distal colon. 
Mechanisms involved in secretory and absorptive processes are presented in one cell. 
It is not known whether these transporters are located in different cell types, or reside 
within one cell. 
The colonic (H+-K+)-ATPase 
An (H+-K+)-ATPase, was first discovered in the gastric epithelium. This 
enzyme, located in the canalicular membrane of gastric parietal cells, is the 
proton pump of the gastric mucosa | Forte et al. 1980; Sachs, 1988; Rabón and 
Reuben, 1990|. In recent years, it has become clear that the presence of (H+ -K+ ) -
ATPase is not restricted to this organ. K+-stimulated, H+-translocating ATPases, 
that molecularly resemble the gastric (H+-K+)-ATPase, have been found in 
vascular smooth muscle cells |McCabe and Young, I992|, cultured human airway 
epithelial cells |Smith and Welsh, I993J, osteoclasts [Sarges et al. 1993|, renal 
collecting duct cells |Garg, 1991; Wingo and Cain, 1993|, and epithelial cells of 
the distal colon |Suzuki et al. 1993|. 
At present, little is known about the function and regulation of the (H+ -K+ ) -
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ATPase in vascular smooth muscle cells, osteoclasts and cultured human airway 
epithelial cells. However, a possible role of the enzyme in regulation vascular 
smooth muscle cell tension has been suggested |McCabe and Young, I992|. In 
addition, the (H+-K+)-ATPase in osteoclasts is thought to be involved in bone 
resorption processes |Sarges et al. I993|. 
The function of the renal (H+-K+)-ATPase has been identified upon 
investigating the mechanisms involved in active K+ conservation. During dietary 
K+ restriction, K+ reabsorption in the collecting duct is increased. The process of 
K+ reabsorption is coupled to that of H+ secretion and both processes can be 
inhibited by luminal SCH 28080 or omeprazole, whereas the inhibitor of the 
(Na+-K+)-ATPase, ouabain, has no effect. In addition, a K+-stimulated ATPase in 
collecting duct cells has been characterized enzymatically. This enzyme had a low 
affinity for K+ (Km = 0.2-0.4 mM), and the affinity for SCH 28080 was identical 
as for the gastric (H+-K+)-ATPase (K¡ - 0.5 μΜ) |Cheval et al, 19911. Moreover, 
the activity of this ATPase was increased in animals on a K+-restricted diet. 
Finally, monoclonal antibodies that react with epitopes of the gastric (H+-K+)-
ATPase, bind to epitopes in intercalated cells of the renal collecting duct. All 
these results are indicative of the presence of an (H+-K+)-ATPase in the apical 
membrane of intercalated cells of the collecting duct, that is similar to the gastric 
(H+-K+)-ATPase, and that constitutes the mechanism for K+ conservation in the 
kidney IGarg, 1991; Wingo and Cain, I993|. 
Like the distal nephron, the distal colon is capable of active K+ absorption. 
Several features of the process for active K+ absorption have led to the postulate 
of an (H+-K+)-ATPase in the apical membrane of the colonic epithelial cells. 
Firstly, K+ absorption is electroneutral and independent of Na+ and CI", 
indicative for a counter or cotransport mechanism that does not require Na+ or 
CI". Secondly, K+ absorption is ATP-dependent and temperature-sensitive, and 
can be blocked by vanadate, an inhibitor of E|-E2-type ATPases. Thirdly, K+ 
absorption appears to be coupled to H+ secretion |Suzuki and Kaneko, 1987; 
Suzuki and Kaneko, 1989; McLaughlin et al. 1990|. These results point to the 
involvement of an Ei-E2-type ATPase in active K+ absorption that exchanges H+ 
for K+ [Foster et al. 1984; Halm and Frizzell, 1986; Plass et al. 1986|. K+-
stimulated ATPase activity has been found in homogenates and purified 
membrane fractions from distal colonic epithelial cells | Watanabe et al. 1990; Del 
Castillo et al. 1991; Tabuchi et al. 1992|. In addition, a Independent H+-ATPase 
in membranes from rabbit colonic epithelial cells has been identified by Kaunitz 
and Sachs 119861. However, the use of specific inhibitors of K+-stimulated 
ATPases, and monoclonal antibodies that react with epitopes of the gastric (H+-
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K+)-ATPase, revealed structural differences, not only between the colonic and 
gastric (H+-K+)-ATPase but also within different species. 
In rabbit, the colonic (H+-K+)-ATPase most closely resembles the gastric 
(H+-K+)-ATPase. (H+-K+)-ATPase activity is sensitive to SCH 28080, and not to 
ouabain |Gustin and Goodman, 1982; Kaunitz and Sachs, 1986|. Additionally, the 
molecular weight of the K+-stimulated ATPase in rabbit distal colon is 
comparable to the gastric (H+-K+)-ATPase [Gustin and Goodman, I982|, and a 
monoclonal antibody directed against the gastric (H+-K+)-ATPase recognizes an 
epitope in the apical membrane of colonic crypt cells [Takeguchi et al. I990|. All 
these results indicate a close resemblance of the gastric and colonic (H+-K+)-
ATPase in rabbit. 
In contrast to rabbit, K+ absorption in rat is inhibited by luminal ouabain. 
Sensitivity to SCH 28080 is not unambiguous, since conflicting results have been 
reported. Perrone and McBride |1988| demonstrated inhibitory effects of both 
SCH 28080 and ouabain on K+ absorption in rats, whereas Sweiry and Binder 
11990| found no evidence for inhibition by SCH 28080. Similarly, Tabuchi and 
coworkers [1992| and Del Castillo and coworkers |19911 measured ouabain-
sensitive and ouabain-insensitivc K+-stimulated ATPase activity in purified apical 
membrane fractions from rat colonic epithelial cell. Tabuchi and coworkers 
11992|, however, showed that ouabain-insensitive K+-stimulated ATPase was 
partly sensitive to SCH 28080, whereas Del Castillo and coworkers |1991j could 
not measure such an inhibitory effect. Thus, K+ absorption and (H+-K+)-ATPase 
activity in rat distal colon are sensitive to ouabain, but an ouabain-insensitive K+-
ATPase is also present. Recently, a cDNA encoding a protein with 63% amino 
acid identity to the gastric (H+-K+)-ATPase a-subunit and 60% identity to the 
three α-subunits of the (Na+-K+)-ATPase has been isolated from rat distal colon 
ICrowson and Shull, 1992]. This protein, is expressed in colonic epithelial cells 
and uterus |Jaisser et al. I993|, and has been referred to as the putative colonic 
(H+-K+)-ATPase. Expression of this cDNA and characterization of its product 
might clarify the conflicting data. 
Finally, in guinea pig, the colonic (H+-K+)-ATPase resembles the (H+-K+)-
ATPase in rat, since it is completely inhibited by 1 mM ouabain. In addition, (H+-
K+)-ATPase activity was only partly reduced by omeprazole |Watanabe et al. 
1990|. 
Little is known about the regulation of the colonic (H+-K+)-ATPase. The rat 
colonic (H+-K+)-ATPase can be stimulated in secondary hyperaldosteronism, i.e. 
after animals had been fed a low Na+ diet [McLaughlin et al. 1990; Sweiry and 
Binder, 1990). In these animals, activated (H+-K+)-ATPase can also be enhanced 
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by increasing CO2, due to close coupling to Cl-HCGw-exchange [Perrone and 
McBride, 1990]. Dietary K+ restriction also stimulates K+ absorption in rat distal 
colon due to an increase in mucosal-to-serosal K+ flux, as reported by Foster and 
coworkers |1986|. However, Tannen and coworkers |1986| found net K+ 
absorption in K+-restricted rats to be increased due to a decrease in serosal-to-
mucosal K+ flux. Thus, an (H+-K+)-ATPase is present in the apical membrane of 
colonic epithelial cells, but further investigations are required to elucidate the 
structure of this enzyme and to clarify its function and regulation. 
Isolation of apical membrane vesicles from distal colon epithelium 
Active transport processes across epithelia, require distinctive transport 
mechanisms in the opposite membranes of the epithelial cells as indicated above. 
Knowledge of these individual mechanisms is of crucial importance for 
understanding absorptive and secretory processes. In studying these transport 
mechanisms, membrane vesicles have proven to be powerful tools. Ideally, one 
would like to have methods for isolating highly purified vesicles from either side 
of the cell, in order to study the mechanisms involved in active transport across 
the colonic epithelium. Such methods have been described for the basolateral 
membrane of surface and crypt cells of the rabbit distal colon |Wiener et al. 
I989|. However, a method for the isolation of purified apical membrane vesicles 
from surface and crypt cells of the rabbit distal colon is not available. Yet, this 
membrane is of importance as two types of intestinal disorders, cystic fibrosis 
and secretory diarrhea, appear to be related to CI"-channels in this membrane. 
The reason for the absence of a reproducible method for isolating purified 
apical membrane vesicles lies in problems that are encountered when working 
with the colonic epithelium. Firstly, the apical membrane does not have a typical 
brush border. Therefore, methods commonly used to isolate apical membranes 
from small intestinal epithelial cells can not be applied. Secondly, high amounts 
of mucus are present, which tend to aggregate membrane fragments. Thirdly, the 
strong attachment of cells to the basal membrane makes it difficult to start with 
epithelial cells only. Moreover, the epithelium consists of at least 4 different cell 
types ILipkin, 1987|. Finally, the apical membrane lacks an accepted marker 
enzyme |Stieger et al. 1986; Wiener et al. 19891. 
The first method described for isolating apical membrane vesicles from 
rabbit distal colon was reported by Gustin and Goodman |1981|. Using alkaline 
phosphatase and ouabain-insensitive K+-dependent ATPase (K+-ATPase) as 
marker enzyme, they isolated highly purified apical membrane vesicles with low 
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contamination of other subcellular membranes. However, in order to eliminate 
the interference of mucus in the isolation procedure, their starting material 
consisted in surface cells only. Using a similar method for cell isolation. Stieger 
and coworkers 119861 developed a method for the isolation of apical membrane 
vesicles based on formation of brush border caps during mild homogenization. In 
this way, a marker for the apical membrane was not needed, since the caps could 
easily be detected by the use of phase-contrast microscopy. An alternative method 
was developed by Kaunitz and Sachs 11986], yielding apical membranes from 
both surface and crypt cells with unknown purity. Nevertheless, in all these 
studies the colonic K+-ATPase was used successfully as a marker enzyme to 
isolate apical membrane vesicles. 
Aim of this study 
The aim of this study was to examine the localization and functional 
properties of colonic (H+-K+)-ATPase. 
In chapter 2, a method is described for purification of the (H+-K+)-ATPase 
through isolation of apical membrane vesicles of surface and crypt cells from 
rabbit distal colon. These fractions are used for studying the spatial distribution 
of the (H+-K+)-ATPase to surface and crypt cells, and to investigate the effects of 
dietary K+ restriction. 
In addition, the purified apical membrane vesicles from surface and crypt 
cells were used in studying ion transporting proteins. Chapter 3 describes 
characteristics of ion channels in these fractions and their distribution over 
surface and crypt cells. 
As the (H+-K+)-ATPase transfers H+ over the plasma membrane, its action 
may be of influence on intracellular pH. Therefore, regulatory mechanisms of 
intracellular pH and the contribution of (H+-K+)-ATPase to the regulation of 
intracellular pH are studied in chapter 4. 
In chapter 5, a cell model is described for studying the colonic (H+-K+)-
ATPase: the human colon carcinoma cell line Caco-2. The presence of (H+-K+)-
ATPase in these cells was investigated using monoclonal antibodies directed 
against the gastric (H+-K+)-ATPase, and by measuring SCH-28080-sensitive and 
K+-dependent recovery of intracellular pH after cytoplasmic acid loading. 
Finally, in chapter 6 the results of these studies are discussed. 
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Chapter 2 
Apical membrane isolation of surface and crypt cells from rabbit 
colon using (H+-K+)-ATPase as marker 
S.L. Abrahamse, M.D. De Jong, R.J.M. Bindels, and CM. Van Os 
Submitted for publication 
Summary 
The aim of the present study was to isolate an apical membrane fraction of 
surface and crypt cells. Therefore, colon epithelium surface and crypt cells were 
isolated separately and after homogenization a protocol was developed for the 
isolation of apical membranes. Apical membrane fragments were identified using 
3 putative markers: K+-dependent ouabain-insensitive and SCH-28080-sensitive 
ATPase activity ((H+-K+)-ATPase activity), alkaline phosphatase activity, and 
fluorescein iso-thiocyanate fluorescence, which was covalently bound to the 
luminal side of the intact colon. Apical membranes of surface cells were isolated 
after mild homogenization, low speed centrifugation, and subsequent 
fractionation on a Percoli density gradient. Apical membranes of crypt cells were 
collected after more vigorous homogenization, followed by high speed 
centrifugation, and fractionation on a Percoli gradient. In surface and crypt cells, 
(H+-K+)-ATPase and alkaline phosphatase activity accumulated in a low and a 
high density Percoli band. Further fractionation of the low density Percoli band 
from crypt cells on a discontinuous sucrose gradient yielded a vesicle fraction 
with 6-10 fold enrichment in apical membrane enzyme marker activities. The 
colonic (H+-K+)-ATPase was present in both surface and crypt cells. However, in 
surface cells SCH-28080-sensitive ATPase activity was smaller than 
K+-stimulated ATPase activity, indicative of the presence of two types of 
K+-ATPases in these cells. In addition, colonic (H+-K+)-ATPase activity was not 
significantly increased upon dietary K+ restriction. 
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Introduction 
The mammalian colon contributes to the electrolyte homeostasis of the body. 
Under normal conditions, the distal colon absorbs Na+, CI" and water, whereas 
HCO3 and K+ are secreted [Binder and Sandle, I987|. To study the mechanisms 
involved in translocating ions across the apical and basolateral membrane, 
purified membrane vesicles from either pole of the epithelial cell have been 
recognized as powerful tools. However, the isolation of plasma membrane 
vesicles from rabbit distal colon is fraught with difficulties. The presence of 
mucus, which tends to aggregate membranes during homogenization, the strong 
attachment of cells to the basement membrane and the heterogeneity of the tissue 
severely hampers the isolation of basolateral and apical plasma membrane 
vesicles. The lack of an accepted marker, and the absence of a brush border are 
additional problems which are encountered during isolation of apical membranes 
IGustin and Goodman, 1981 ; Stieger et al. 1986; Wiener et al. I989|. 
Nevertheless, Wiener and coworkers |1989| developed a method to isolate 
simultaneously basolateral membrane vesicles from rabbit distal colonic surface 
and crypt cells. In addition, procedures for isolating apical membrane vesicles 
from rabbit distal colon have also been described |Guslin and Goodman, 1981; 
Slieger et al. I986|. However, in the latter isolation procedures, only surface 
cells were used. Therefore, the aim of the present study was to develop a method 
for the simultaneous isolation of apical membrane vesicles from surface and 
crypt cells. To this end, the colonic surface cells were isolated as described by 
Gustin and Goodman |1981] and crypt cells were collected through mucosal 
scraping I Wiener et al. 1989|. Previously, the colonic (H+-K+)-ATPase has been 
used as marker enzyme for the apical membrane IGustin and Goodman, 1981; 
Kaunitz and Sachs, 1986; Stiegeret al. 1986). Since this enzyme is also present in 
the apical membrane of crypt cells [Takeguchi et al. 1990], it was used as a 
marker for both apical membranes. The (H+-K+)-ATPase was measured as 
K+-dependent ouabain-insensitive ATPase and as SCH-28080-sensitive ATPase, 
since SCH 28080 is a specific inhibitor of the gastric (H+-K+)-ATPase | Wallmark 
et al. I987|. In addition, an exogenous marker was introduced by coupling 
fluorescein iso-thiocyanate (FITC) to the luminal membrane of the intact colon 
epithelium. Also, alkaline phosphatase activity was used as a putative marker and 
fractions in which all three markers were enriched, were identified as purified 
apical membrane vesicles from surface and crypt cells. 
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Materials and methods 
Chemicals 
All chemicals were purchased from Merck (Germany) unless otherwise stated. 
/V-2-hydroxyethylpiperazine-/v"-2-ethylsulfonic acid (HEPES) and Tris(hydroxymethyl)-
aminomethane (TRIS) were from Research Organics (Cleveland, OH). Adenosine 5'-triphosphate 
(ATP), as TRIS and Na+ salt, bovine serum albumin (BSA), cytochrome c, digitonin, ethylene 
glycol-bis-(ß-aminoethyl ether)-iV, /V, N\ N', tetraacetic acid (EGTA), immunoglobulin, 
nicotinamide adenine dinucleotide phosphate (NADPH, reduced form), 
/7-iodonitrotetrazoliumviolet,/7-nitrophenylphosphate, phenylmethylsulfonyl fluoride (PMSF, 0.4 
M stock solution in ethanol), Triton X-100 was obtained from Sigma (St. Louis, MO). 
D-|I-3H(N)| mannitol (I.I TBq/mmol) was from NEN Products (Boston, MA). SCH 28080 
(stock solution, 50 raM in ethanol) was from Schering Corp. (Kenilworth, NJ). Dye reagent for 
the protein assay was used from Bio-Rad laboratories (München, Germany), and Percoli from 
Pharmacia LKB (Uppsala, Sweden). Dithiothreitol (DTT) was obtained from Boehringer 
(Mannheim, Germany), theophylline from ICN Pharmaceuticals (Plainview, NY). 
isolation of apical membrane vesicles 
For each experiment, colons were obtained from 2 New Zealand white rabbits of either sex 
weighing 2-3 kg. The animals had been fed with a standard chow for rodents (Hope Farms BV, 
Woerden, The Netherlands) and had free access to tap water. In Kf restriction studies, rabbits 
were fed with a similar chow in which Kl contents was lowered to 0.55% (w/w). Animals 
received a maximum of 150 g/rabbit, and had free access to distilled water. 24 h urine samples 
were collected, and K+ concentration was determined flame photometrically (Eppendorf 
FCM6343, Germany). After 16 h starvation, the animals were killed by cervical dislocation, and 
subsequently bled. The dissected distal colon was stored in an ice cold solution containing 0.9% 
(w/v) NaCl and I mM HEPES/TRIS pH 7.4. A flow scheme for the isolation of apical membrane 
vesicles from colonic epithelial cells is presented in Fig. 1. Unless otherwise stated, all steps were 
performed at 4 "C with ice-cold solutions. Acceleration of gravity (g) is given for the maximal 
distance from the axis of rotation. 
Step I. Fecal content was removed by flushing with 0.9% (w/v) NaCl in 1 mM 
HEPES/TRIS pH 7.4 solution. Subsequently, colonic epithelial cells were separated into surface 
and crypt cells according to a method described by Gustin and Goodman [1981| with a 
modification published by Wiener and coworkers [19891. Briefly, the colon was ligated at one 
end, everted over a glass pipel and subsequently filled with solution A (30 mM NaCl, 5 mM 
ethylenediamine-tetraacetic acid (EDTA), 1 mM DTT, 0.1 mM PMSF in 8 mM HEPES/TRIS pH 
7.6). The colon was divided into 3-5 parts, placed in a plastic erlenmeyer filled with 50 ml 
solution A, and vigorously shaken for 2 h. Surface cells were collected by cenlrifugation for 10 
min at 1000х# in a Christ centrifuge, and crypt cells were obtained by scraping the mucosa. Prior 
to homogenization, both fraction were washed twice with solution В (50 mM sucrose, 1 mM 
Chapter 2 23 
EDTA, 0.1 mM PMSF, 5 mM HEPES/TRIS pH 7.4) and subsequently resuspended in solution В 
(-33% (w/v)). 
Step 2. Homogenization of both cell types was performed as described by Kaunitz and 
Sachs 11986| with two major modifications. Firstly, for homogenizing surface cells, a polytron 
with a pestle diameter of 1 cm instead of 2 cm was used. Secondly, the duration of the 
homogenization of both cell types was increased to 1 min. 
step I 
RABBIT DISTAL COLON 
step 2 
step 3 
step 4 
SURFACE CELLS 
I Polytron 
I (0 I cm; setting 5: I min) 
HOMOGENATE 
I tOOOxgxlOmin 
l{Christ) 
P(0) S(0) 
Percoli gradient 
10% (v/v). 48.000xgx20 min 
(SS-34, Sotvall) 
I e 
CRYPT CELLS 
I Polytron 
I (0 2 cm; setting 5; I min) 
HOMOGENATE 
lOOOxgxlOmin 
Christ) 
IlOOOxgxlO 
liChrist
P(0) S(0) 
I loo.« 
Л 
I00.000xgx30min 
50 Ti. Beekman) 
P(IOO) S(100) 
• Percoli gradient 
I 10% (v/v). 48,000xgx20 min 
I (SS-34, Servali) 
f 
Dilute with 5 volumes 150 mM KCl in 10 mM HEPES/TRIS pH 7 4 CcnlnfugatclOO.OOOxgxtìO min (45 Ti, 
Beekman). Resuspend pelici in 250 mM sucrose in li» mM HEPES/TRIS pH 7 4 Repeal ccninf ugaiion 
S(2) Ρ S C(2) Ρ S 
step S I Sucrose gradient 
I 100.000xgxl20min 
1 (SW^O. Beekman) 
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I00.000xgxl20min 
L(SW-10, Beekman) 
60 
% sucrose (w/w) 
S(l) 12.5 
35 
45 
60 
% sucrose (w/w) 
C(l) 
Figure 1. Row scheme for the isolation of apical membrane fractions of surface and crypt cells 
from the rabbit distal colon. For explanation see methods section. 
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Step 3. Homogenates were diluted with 3 volumes solution С (250 mM sucrose, I mM 
EDTA. 0.1 mM PMSF, 5 mM HEPES/TR1S pH 7.4) and subsequently centrifugated Tor IO min 
at ІОООхд in a Christ centrifuge. Homogenization was repeated for the pellets, whereafter 
supernatants from crypt cells were pooled and the pellets from surface cells were collected. Crude 
membranes from crypt cells were obtained by high speed centrifugaron for 30 min at ІОО.ОООхд 
in a Beekman Ti 50 rotor. 
step 4. High speed pellet of crypt cells and the low speed pellet of surface cells were further 
fractionated on a continuous 10 % (v/v) Percoli density gradient. The surface cell pellet was 
resuspended in 66 ml solution D ( 1 mM EDTA, 0.1 mM PMSF in 10 mM HEPES/TRIS pH 7.4), 
whereafter 7.3 ml Percoli was added. Normally, the total volume for the crude membrane fraction 
of crypt cells was 147 ml. Surface and crypt cell suspensions were divided over 2 and 4 
polycarbonate lubes, respectively, and fractionation was accomplished by centrifugalion for 20 
min at 48.000x# in a Sorvall SS-34 rotor. For analytical purposes. 7 fractions of 5.5 ml each were 
collected from each tube starting from the top. To prepare purified apical membrane vesicles, a low 
density Percoli band was obtained by removing 2.5 ml from the top of the tube and collecting the 
next 6 ml. The high density Percoli band was obtained by removing 5 ml from the bottom of the 
tube and collecting the next 5 ml. Percoli was removed by diluting the fractions with 5 volumes 
solution E ( 150 mM KCl in 10 mM HEPES/TRIS pH 7.4) and subsequent centrifugation for 60 
min at ΙΟΟ.ΟΟΟχβ in a Beekman Ti 45 or Ti 50 rotor. Membrane layers were removed from the 
Percoli pellets and resuspended in solution C, whereafter centrifugation was repeated. Hereafter, 
membrane layers were removed from the remaining Percoli pellets, either resuspended in solution 
C, rapidly frozen in liquid N2 and stored at -80 °C, or resuspended in 12.5 % (w/w) sucrose in 10 
mM HEPES/TRIS pH 7.4 for further fractionation. 
Step 5. Further fractionation of the low density Percoli bands from surface and crypt cells 
was accomplished on a discontinuous sucrose gradient. To this end, 2 and 4 Beekman SW-40 
rotor tubes, for surface and crypt cells, respectively were filled with 1 ml 60 % (w/w), 3.5 ml 45 
% (w/w) and 3.5 ml 35 % (w/w) sucrose in 10 mM HEPES/TRIS pH 7.4, successively. 
Membrane fractions, resuspended in 12.5 % (w/w) sucrose in 10 mM HEPES/TRIS pH 7.4, were 
placed on top of the 35 % (w/w) sucrose, and subsequently centrifugated for 2 h at 200.000x#. 
The 12.5-35% (w/w) sucrose interfaces of each cell fraction were collected, pooled and diluted 
lOx with solution C. Finally, membranes were collected by centrifugation for 30 min at 
100,000x# in a Beekman Ti 50 or Ti 60 rotor. Pellets were resuspended in solution C, frozen in 
liquid N2 and stored at -80 °C until use. 
FITC labelling of the apical membrane 
Labelling of the apical membranes of surface and crypt cells was performed at 4 °C, prior to 
cell separations. The inverted and filled colonic sacs were transferred to a plastic erlenmeyer and 
washed twice for 5 min with 100 ml labelling solution (75 mM NaCI, I mM DTT, 0.2 mM PMSF 
in 50 mM Na2HPC>4, pH 9.2) while gently shaken. Hereafter, this solution was replaced by 50 ml 
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labelling solution containing 0.1 raM FITC. After 30 min incubation, medium was removed and 
200 ml washing solution (132 mM NaCI, I mM CaCI2, I mM DTT, 0.2 mM PMSF, 8.4 mM 
Na2HP04, 1.5 mM Na^PO.!. pH 7.4) supplemented with 1 mg/ml BSA was added. To remove 
unbound FITC, colonic sacs were washed twice for 10 min in 200 ml washing solution containing 
lmg/ml BSA, and six times for 5 min with the same solution without BSA. Finally, colonic sacs 
were washed in cell separation solution by 2 incubations in 200 ml solution A for 5 min each. 
Cells and membrane fractions were protected against light during labelling and subsequent 
isolation. FITC fluorescence was measured using a spectrofluorophotomeler (Shimadzu RF 510) 
set at 490 ± 3 nm excitation and 520 ± 10 nm emission wavelengths. 
Analysis of membrane fractions 
All reactions were started by addition of substrate. ( H+-K4)-ATPase activity was measured 
at 37 °C in a total volume of 500 μΙ. Membrane fractions (5-20 μg) were preincubated with Triton 
X-100/digitonin 1:1 (w/w), 0.25 mg/mg protein, for 20 min on ice. Hereafter, samples were 
diluted into the assay mixture containing 0.1 mM EDTA, I mM ouabain, and 1 mM sodium azide 
in 30 mM imidazole/HCl pH 7.0. The reaction was initiated upon addition of 25 μΙ of 40 mM 
Tris-ATP. pH 7.0. K*-dependent ouabain-insensitive ATPase was measured as the difference in 
rate of inorganic phosphate release in the presence of 5 mM KCl or 5 mM cholineCI. SCH-
28080-sensitive ATPase was determined as the difference in the rate of inorganic phosphate 
release in the absence or presence of 10 μΜ SC Η 28080 in a 5 mM KCl containing medium. 
Reaction was stopped by addition of 0.5 ml 5% (w/v) trichlooracelic acid. Inorganic phosphate 
was determined as described for (Na+-K+)-ATPase activity. (Na+-K+)-ATPase was determined as 
ouabain-sensitive ATPase as described by Mircheff and Wright 119761, with modifications 
according to Wiener and coworkers |1989|. Like (H+-K+)-ATPase, (Na+-Kf)-ATPase was 
measured at 37 eC, after preincubation with detergent. All other enzyme assays were performed at 
room temperature according to published methods. Alkaline and acid phosphatase was measured 
according to Wiener and coworkers [ 19891- Succinate dehydrogenase (SDH) according to 
Pennington 119611 with modifications of Porteous and Clark ]1965|. NADPH cytochrome с 
reductase was measured as described by Sottocasa and coworkers [ 1967]. Vesicle volume was 
determined by measuring D-|1-3H(N)| mannitol equilibrium uptake according to Wiener and 
coworkers 11989]. Protein concentrations were determined using the Bio-Rad protein assay with 
immunoglobulin as standard. 
Statistics 
Results are reported as means ± standard errors (SE). Data were analyzed using StatView 
512+ software (Abacus Concepts Inc., Berkeley, CA). On comparison two experimental groups, 
an unpaired Student's t test was used. In case of more than two groups, analysis of variance was 
used. When overall effects were significantly different (P<0.05), experimental groups were 
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compared by means of contrast analysis according to Fisher and Scheffé [Snedecor and Cochran, 
I979|. 
Results 
(H+-K+)-ATPase as enzyme marker 
To test the usefulness of colonic (H+-K+)-ATPase as a marker for apical 
membranes, K+-stimulated and SCH-28080-sensitive ATPase activity were 
measured in homogenates from both surface and crypt cells. Fig. 2 shows the 
specific enzyme activities in these cell fractions. In crypt cells K+-stimulated 
ATPase activity was equal to SCH-28080-sensitive ATPase activity. In surface 
cells, however, SCH-28080-sensitive ATPase activity was significantly lower 
(P<0.02) than K+-stimulated ATPase activity. Nevertheless, (H+-K+)-ATPase 
activity was present in both cell types and was therefore used as a marker of 
apical membranes in further fractionation studies. 
(H+-K+)-ATPase activity (/¿rnolmg ' h 1 ) 
1.0 
0.5 
0.0 
Crypt cells Surface cells 
Figure 2.(H+-K+)-ATPase activity in homogenates from surface and crypt cells. 
(H+-K+)-ATPase activity was measured as K+-stimulated ATPase activity (hatched 
bars) and as SCH-28080-sensitive ATPase activity (open bars). Bars represent the 
means ± SE of at least 3 experiments. (* Significantly different from K+-stimulated 
ATPase activity within the same cell fraction. ЛсО.02). 
Isolation of apical membrane vesicles 
Two methods for homogenization have been described, which resulted in 
resealed apical membrane vesicles of colonic epithelial cells |Kaunitz and Sachs, 
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1986; Stieger et al. 19861. We combined both methods in order to obtain resealed 
vesicles from surface as well as crypt cells. Surface cells were homogenized in a 
hypo-tonic solution (buffer B) using a pol y t ron with a small pestle to induce the 
formation of so-called brush border caps. Caps formed during mild 
homogenization can be easily separated from other subcellular membranes by 
low speed centrifugation |Stieger et al. 1986|. In fact, the use of this method 
resulted in the accumulation of K+-dependent ouabain-insensitive and SCH-
28080-sensitive ATPase activity in the pellet, whereas the majority of all other 
enzyme activities was found in the supernatant (table 1). Separation of apical 
membrane vesicles from crypt cells based on formation of brush border caps 
proved to be impossible, because a more vigorous homogenization had to be used 
in order to disrupt these cells. As a result, all enzyme marker activities of crypt 
cells accumulated in the supernatant after low speed centrifugation (table 1). 
Table 1. Recoveries (% of total) of marker enzymes in supernatant (S(0)) and pellet (P(0)) 
after centrifugation of the homogenates of surface (A) and crypt cells (B) of rabbit 
distal colon for 10 minutes at lOOOxg. 
K+-dependent ouabain-insensitive ATPase 
SCH 28080-sensitive ATPase 
Alkaline phosphatase 
(Na+-K+)-ATPase 
Acid phosphatase 
NADPH Cytochrome с reductase 
Succinate dehydrogenase 
В 
K+-dependent ouabain-insensitive ATPase 
SCH 28080-sensitive ATPase 
Alkaline phosphatase 
(Na+-K*)-ATPase 
Acid phosphatase 
NADPH Cytochrome с reductase 
Succinate dehydrogenase 
η 
15 
9 
I I 
I I 
12 
10 
10 
η 
16 
10 
16 
14 
16 
7 
12 
S(0) 
26 ± 
28 ± 
64 ± 
70 ± 
64 ± 
47 ± 
55 ± 
S(0) 
86 ± 
80 ± 
90 ± 
88 ± 
94 ± 
84 ± 
91 ± 
5 
8 
8 
5 
6 
8 
9 
3 
5 
1 
12 
1 
2 
2 
74 
72 
36 
30 
36 
53 
45 
14 
20 
10 
12 
6 
16 
9 
P(0) 
± 5 
± 8 
± 4 
± 5 
± 6 
± 8 
± 9 
p(0) 
± 3 
± 5 
± 1 
± 12 
± 1 
± 2 
± 2 
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Figure 3. Distribution of apical membrane markers of crypt and surface cells in a Percoli 
gradient. Data were averaged from at least 3 isolations. 
The low speed pellet of the surface cells, and high speed pellet of the crypt 
cells were further fractionated on a Percoli density gradient. As shown in Fig. 3, 
all apical membrane markers of surface cells accumulated in two regions, one at 
high and one at low density. Similar results were obtained for membranes of 
crypt cells. K+-dependent ouabain-insensitive ATPase was also found in the high 
and the low density band. However, alkaline phosphatase activity and FITC 
fluorescence of crypt cells accumulated predominantly in the low density 
fractions (Fig. 3). Fig. 4 shows the distribution of other enzyme markers in the 
gradient. All these marker accumulated at the low density regions in both cells. 
Except for SDH activity in crypt cells, which was recovered in high density 
fractions (Fig. 4). 
Since the low density fractions from surface and crypt cells were still 
contaminated with membrane fragments not originating from the apical 
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membrane, further fractionation on discontinuous sucrose gradients was tried. 
Table 2 shows the recovery and enrichment of enzyme marker activities in 
surface cell fractions from the high density Percoli band (S(2)) and the low 
density Percoli band derived fraction that accumulated on 35% (w/w) sucrose 
(S(l)). Although fraction S(l) exhibited a 4-5 fold increase in specific activity of 
apical membrane enzyme markers, the recovery was low. Moreover, a 12 fold 
enrichment in (Na+-K+)-ATPase activity was observed in this fraction. 
Enrichment of the apical membrane markers in fraction S(2) were similar to 
those in fraction S(l), in spite of the fact that this former fraction was obtained 
via low speed centrifugation and fractionation on Percoli. Moreover, recovery of 
the apical marker activities in fraction S(2) was higher than in fraction S(l). 
Crypt cells Surface cells 
Recovery (% of homogenate) 
(Na+-K+)-ATPase 
0 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 
Fraction number 
Figure 4. Distribution of non-apical membrane markers of crypt and surface cells in a Percoli 
gradient. Data were averaged from at least 3 isolations. 
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Recovery and enrichment of the enzyme marker activities in crypt cell 
fractions from the high density Percoli band (C(2)) and the low density Percoli 
band derived fraction that accumulated on 35% (w/w) sucrose (C(l)) are shown 
in table 3. In the high density Percoli band from crypt cells (fraction C(2)), all 
marker enzyme activities were increased 2-3 fold, except for SDH activity. 
However. (H+-K+)-ATPase and alkaline phosphatase activity in fraction C(l) 
were increased 6-10 fold compared to the homogenate, and only lightly 
contaminated with endoplasmatic reticulum and mitochondria. There is also 
contamination with basolateral and lysosomal membranes within this fraction, 
though recovery and enrichment of the marker enzymes were at least 2 times 
lower than for the marker enzymes of the apical membranes. 
Table 2. Marker enzyme activities in apical membrane fractions of surface cells from the rabbit 
distal colon. 
Enzyme marker Homogenate S(l) S(2) 
specific activity yield enrichment yield enrichment 
Q/molmg'h 1) (%) (fold) (%) (fold) 
K+-dep. ouabain-insensitive ATPase 
SCH 28080-sensitive ATPase 
Alkaline phosphatase 
(Na+-K+VATPase 
Acid phosphatase 
NADPH Cytochrome с reductase 
Succinate dehydrogenase 
1.02 ± 0.43 
0.34 ± 0.11 
0.02+0.01 
1.04 ± 0.50 
0.80 ± 0.09 
0.19 ±0.05 
0.42 ± 0.08 
0.9 
0.7 
1.5 
2.1 
1.8 
0.8 
0.2 
4.3 
5.4 
4.6 
12.3 
2.9 
1.9 
0.8 
5.5 
4.6 
5.7 
2.0 
2.3 
2.6 
1.5 
4.2 
4.3 
4.2 
2.4 
1.1 
1.9 
0.8 
Vesicle volume. 
In order to determine total trapped volume in membrane fractions enriched 
in apical membrane vesicles, 3H-mannitol equilibrium uptake was measured. Fig. 
5 shows the time dependent 3H-mannitol influx into the final fractions from 
surface and crypt cells. Clearly, vesicle volume in fractions derived from the low 
density Percoli band was smaller than in those from the high density Percoli 
band. Vesicle volume in fractions S(l) and C(l), calculated by fitting the data to 
a single exponential function, were 4 ± 3 (n=3) and 7 ± 4 (n=5) //l/mg. 
respectively. Vesicle volume in fractions S(2) and C(2), were 27 + 9 (n=3) and 
66 ± 27 (n=3) μΙ/mg, respectively. 
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Tabic 3. Marker enzyme activities of in apical membrane fractions of crypt cells from the rabbit 
distal colon. 
Enzyme marker Homogenate C( I ) C(2) 
specific activity yield enrichment yield enrichment 
(pmolmg-ih-l) (%) (fold) (%) (fold) 
K+-dep. ouabain-insensitive ATPase 
SCH-28080-sensitive ATPase 
Alkaline phosphatase 
(Na+-K+)-ATPase 
Acid phosphatase 
NADPH Cytochrome с reductase 
Succinate dehydrogenase 
0.83 ±0.19 
0.87 + 0.29 
0.06 + 0.01 
0.99 ± 0.37 
0.72 + 0.07 
0.08 ± 0.02 
0.21 +0.11 
4.0 
3.4 
2.2 
I.I 
1.4 
0.7 
0.5 
9.9 
6.7 
5.9 
3.6 
4.2 
2.2 
1.8 
3.9 
5.3 
3.0 
4.6 
3.3 
1.9 
6.9 
2.5 
4.6 
2.9 
3.2 
3.3 
1.4 
7.0 
'H-mannitol uptake (pmol mg protein-') 
0 10 2Ü 30 40 50 60 70 20 30 40 50 
Time (s) 
Figure 5. Time-dependent uptake of ^H-mannitol into the final membrane fractions from 
surface and crypt cells. Data represent means ± SE of at least 3 isolations. 
Effects of dietary K+ restriction on (H+-K+)-ATPase. 
Fraction C(l) was used for further characterization of colonic 
(H+-K+)-ATPase. Although (H+-K+)-ATPase activity was highest in this fraction, 
relative activity remained below 10% of the total ATPase activity, as 
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K+-independent SCH-28080-insensitive ATPase activity was also purified in this 
fraction. K+-independent SCH-28080-insensitive ATPase activity in homogenates 
averaged 12.3 ± 1.1 /imolmg'.h"1 (n=l5), and enrichment and recovery in 
fraction C(l) were 7.5 ± 1.8 and 1.9 ± 0.5 (n=7) respectively. Similar results 
were found for fractions from surface cells.To find out wether dietary K+ 
restriction was of influence on colonic (H+-K+)-ATPase, rabbits were fed a low 
K+ diet for 7 days. During this period renal K+ excretion significantly dropped 
from 55 ± 8 to 9 ± 1 mmol 24 h-1 (n=4, P<0.002). Apical membrane fractions 
from surface and crypt cells were isolated, and (H+-K+)-ATPase activity was 
measured in final fractions and homogenates. However, (H+-K+)-ATPase 
activities in purified fractions or homogenates of surface and crypt cells were not 
significantly different from activities in rabbits on a normal diet (P>Q.2, table 4 
compared with tables 2 and 3). 
Table 4. (H+-K+)-ATPase aclivity in membrane fraction from surface and crypt cells of the 
distal colon from K+-restricted rabbits. (H+-K+)-ATPase activity was measured as 
K+-dependent ouabain insensitive ATPase activity, or as SCH-28080-sensitive 
ATPase activity. 
Surface cells 
Homogenate 
S(l) 
S(2) 
Crypt cells 
Homogenate 
C(l) 
C(2) 
К '-dependent ouabain-
insensiti ve ATPase 
(//mol mg ' h ') 
0.8 ± 0.1 
3.8 ± 0.4 
1.4 ± 0.5 
0.6 ± 0.1 
7.4 ± 2.6 
2.6 ± 1.5 
η 
4 
4 
4 
4 
4 
4 
SCH-28080 sensitive 
ATPase 
(μπιοί mg ' h ' ) 
0.4 ± 0.2 
2.8 ± 0.5 
0.9 ± 0.6 
0.6 ± 0.2 
5.6 ± 2.2 
1.6 ± 1.0 
η 
5 
5 
5 
5 
5 
5 
Discussion 
We developed a method for the simultaneous isolation of membrane 
fractions, enriched in apical membrane marker enzymes, from rabbit colonic 
surface and crypt cells. To this end, colonic epithelial cells were separated into 
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surface and crypt cells, as previously described [Gustin and Goodman, 1981; 
Wiener et al. 19891. The surface cell fraction, in contrast to the crypt cell 
fraction, contained amiloride-sensitive Na+-channels, as demonstrated in parallel 
studies |chapter 3|. The colonic (H+-K+)-ATPase activity was used as a marker 
enzyme. Evidence for the presence of this enzyme in the apical membrane of the 
rabbit colon has been obtained from active K+ absorption studies |Halm and 
Frizzell, 1986; Plass et al. 1986|. Moreover, this marker enzyme has been used 
successfully to isolate apical membrane fragments from surface cells of rabbit 
and rat distal colon [Gustin and Goodman, 1981; Stieger et al. 1986]. So far, 
colonic (H+-K+)-ATPase has only been measured enzymatically in membrane 
fractions from surface cells and total scrapings (Gustin and Goodman, 1981; 
Kaunitz and Sachs 1986; Stieger et al. 1986; Watanabe et al. 1990; Del Castillo, 
1991; Tabuchi et al. 19921. Cross reactivity of a monoclonal antibody, directed 
against the gastric (H+-K+)-ATPase, has been shown with an epitope that was 
most abundant in colonic crypt cells |Takeguchi et al. 1990]. From the present 
study, we now conclude that the colonic (H+-K+)-ATPase is present in both 
surface and crypt cells, and is therefore a useful marker enzyme in isolating 
apical membranes. We observed, however, differences between the 
(H+-K+)-ATPase in crypt and surface cells. In crypt cells, K+-dependent 
ouabain-insensitive ATPase activity equaled SCH-28080-sensitive ATPase 
activity, whereas in surface cells, SCH-28080-sensitive ATPase activity was 
significantly lower than K+-dependent ouabain-insensitive ATPase activity 
(/M).02, table 2, paired t Test). These results can be explained when we postulate 
that in the colon two types of (H+-K+)-ATPase are expressed, one with high 
sensitivity to SCH 28080 expressed in crypt cells, and a second one with low 
sensitivity expressed in surface cells. Alternatively, in the colon the gastric 
(H+-K+)-ATPase, which is sensitive to SCH 28080, is present in both surface and 
crypt cells, albeit most abundant in crypt cells and a second K+-ATPase, 
insensitive to SCH 28080 and ouabain, exclusively expressed in surface cells. 
Interestingly, the monoclonal antibody that reacts with an epitope of the gastric 
(H+-K+)-ATPase has been demonstrated to cross react with an epitope present in 
rabbit colonic crypt cells, whereas this epitope was absent, or at least 
undetectable in surface cells. In addition, it has been shown that a protein with 
63% amino acid identity with the gastric (H+-K+)-ATPase and 63% amino acid 
identity with the (Na+-K+)-ATPase is exclusively expressed in surface cells of rat 
distal colon |Jaisser et al. 1993J. Also, ouabain- and SCH-28080-insensitive 
K+-stimulated ATPase has been described in surface cells of the rat distal colon 
|Del Castillo et al. 1991; Tabuchi et al. 1992|. These findings, are indicative of 
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the presence of two isoforms of K+-ATPases in distal colon epithelium. 
As a second marker we used alkaline phosphatase. The usefulness of this 
marker enzyme has been questioned, since alkaline phosphatase activity has also 
been reported in fractions in which (H+-K+)-ATPase was absent |Stieger et al. 
I986J. Moreover, histochemical localization of alkaline phosphatase activity has 
revealed contradictory results. In the present study, we were able to measure 
alkaline phosphatase activity in membrane fractions of surface and crypt cells. 
Although alkaline phosphatase activity was low, especially in surface cells, this 
enzyme activity was enriched in the fraction in which (H+-K+)-ATPase activity 
accumulated. 
Also, FITC fluorescence was used as marker after prelabeling proteins at 
the luminal surface of the intact colonic epithelium. It turned out that FITC 
reacted with other luminal proteins including mucins and not solely with proteins 
within the apical membrane. Therefore, this exogenous label was not suitable as 
luminal membrane marker in view of the low enrichment factors in apical 
membrane fractions. 
Besides the three used markers, a fourth marker enzyme was detected in the 
present study. In homogenates from surface and crypt cells, only a small part of 
the ouabain-insensitive ATPase activity was K+-dependent and SCH-
28080-sensitive. Similar levels of this peculiar form of ATPase activity have 
been described in surface cells from the guinea pig distal colon epithelium 
[Watanabe et al. 1990|. Ouabain and SCH-28080-insensitive K+-independent 
ATPase activity accumulated in the same fractions as (H+-K+)-ATPase, with 
similar enrichment factors. Therefore, we conclude that this ATPase activity is 
associated with the apical membrane of colonic surface and crypt cells. 
Apical membranes from crypt cells could not be isolated in the form of 
brush border caps as previously described for surface cells. A more vigourous 
homogenization method had to be used for disrupting the cells, which must be 
due to the fact that crypt cells were collected as mucosal scrapings. More 
vigourous homogenization resulted in small plasma membrane fragments which 
can only be collected by high speed centrifugation. Most membrane markers in 
the high speed pellet accumulated in the low density Percoli band, except the one 
for mitochondria, which accumulated at high density. Further fractionation of 
the low density Percoli band on a discontinuous sucrose gradient yielded a 
membrane fraction with an increase in specific activity of (H+-K+)-ATPase and 
alkaline phosphatase activity. This fraction contained resealed vesicles that can be 
used in transport studies, as was shown by 3H-mannitol uptake studies. Additional 
evidence for the presence of resealed vesicles stems from the fact that detergents 
had to be used to measure maximal (H+-K+)-ATPase activity. Finally, ion 
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channels present in this apical membrane preparation could be successfully 
incorporated into planar lipid bilayers, which proves the vesicular nature of this 
membrane preparation |chapter 3|. 
In order to obtain resealed vesicles from surface and crypt cells a 
homogenization method as described by Kaunitz and Sachs 11986| has been used. 
This method was shown to yield vesicles that were resealed in an inside-out 
configuration, allowing the investigators to measure ATP and K+-dcpendent H+ 
accumulation in these vesicles by using acridine orange |Kaunilz and Sachs, 
1986). Despite the fact that we used the same homogenization procedure, we 
were unable to observe ATP-dependent H+ accumulation in membrane vesicles in 
fraction C(l) or S(2). Most likely, the separation of surface and crypt cells and 
subsequent homogenization altered orientation or resealing properties of the 
membrane fragments. These results, and the fact that the K+-dependent and SCH-
28080-sensitive ATPase activity was increased after addition of detergents, 
indicate that apical membrane vesicles in fractions C(l) and S(2) are 
predominantly in the right-side-out orientation. 
Restriction in daily K+ intake has been described to increase active K+ 
absorption in rat colon |Foster et al. 1986; Tannen et al. 1986|. and 
(H+-K+)-ATPase activity in rat collecting tubule |Doucet and Marsy, 1987; 
Cheval et al. 1991]. The low K+ diet we used in the present study was below the 
minimal K+ requirement for normal rabbit growth, and is known to increase K+ 
reabsorption in rabbit outer medullary collecting duct |Wingo, 1987|. We 
observed that 24 h urinary K+ excretion was significantly reduced, but an 
increase in (H+-K+)-ATPase activity in homogenates and apical membranes of 
surface or crypt cells could not be measured. Our results indicate that adaptation 
of (H+-K+)-ATPase activity to K+ deficiency takes place in the rabbit kidney 
only. 
In conclusion, we have developed a method for the isolation of membrane 
vesicles, enriched in apical membrane marker enzymes, from surface and crypt 
cells. Apical membrane vesicles from crypt cells can be obtained by collecting 
membranes via high speed centrifugation, fractionation on a Percoli density 
gradient, and subsequent centrifugation of a low density Percoli band in a 
discontinuous sucrose gradient. Apical membrane vesicles from surface cells can 
be obtained through mild homogenization, low speed centrifugation, 
fractionation on a Percoli density gradient and collection of a high density band. 
These vesicle preparations can be used as a tool for characterization and 
localization of ion transport mechanisms in the apical membrane of rabbit distal 
colon. 
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Chapter 3 
Identification of ion channels in apical membranes of surface and 
crypt cells from rabbit distal colon 
S.L. Abrahamse, R.J. Bridges, H.R. De Jonge, R.J.M. B'indels and C.H. Van Os 
Submitted for publication 
Summary 
Membrane vesicles from surface and crypt cells, enriched in apical 
membrane marker enzymes, and obtained from rabbit distal colon, were used to 
characterize ion channels inherent to this membrane. The multidrug resistance 
gene {mdr /) product, P-glycoprotein, was enriched in these apical membrane 
fractions. In addition, P-glycoprolein was present in both surface and crypt cells, 
but a 6 fold higher level was found in surface cells. Ion channels associated with 
apical membranes were studied using the planar lipid bilayer technique. A total 
of 7 different anion and cation selective channels were found in the preparations. 
A 83-pS 4,4'-dinitrostilbene-2,2'-disulfonic-acid-sensitive Cl'-channel, 
resembling the outward rectifying intermediate conductance (ORIC) Cl"-channel 
of secretory epithelia, was encountered most frequently. This channel was 
present in surface and in crypt cells. An amiloride-sensitive Na+-channel could 
however not be detected in the bilayer studies. An amiloride-sensitive conductive 
pathway for 22Na+ uptake into vesicles was exclusively present in a crude 
membrane fraction from surface cells. The conductive pathway in these cells had 
a high affinity for amiloride, K¡ = 28 ± 9 nM. In conclusion, amiloride-sensitive 
Na+-channels are present in surface cells only, whereas ORIC-like CI "-channels 
are found in surface as well as crypt cells. 
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Introduction 
In the mammalian colon, electrolytes are actively transported during 
absorption and secretion. Mechanisms that are involved in absorptive and 
secretory processes are thought to be localized in different regions of colonic 
epithelium. For example, Na+ absorption is thought to be restricted to surface 
cells |Schultz, 1984; Binder and Sandle, 1987|, whereas CI" secretion has been 
shown to be a function of crypt cells |Welsh et al. 1982; Horvath et al. 1986|. 
More recent studies, however, have shown that surface cells are also able to 
secrete CI" (Diener et al. 1989; Kòckerling and Fromm 19931. Purified 
basolateral and apical membrane vesicles from surface and crypt cells can be 
powerful tools to demonstrate the differential distribution of several transport 
mechanisms over surface and crypt epithelium. Furthermore, these membrane 
vesicles allow molecular identification of the transport mechanisms. Methods are 
now available for the isolation of apical and basolateral membrane vesicles from 
surface and crypt cells in rabbit distal colon [Wiener et al. 1989; chapter 2|. 
The aim of the present study was to identify and characterize transport 
mechanisms in the apical membrane of colonic epithelial cells. The presence of 
multidrug resistance (MDR) gene product P-glycoprotein (Pgp) was studied 
using a semi quantitative Western blotting technique. Experiments with the 
planar lipid bilayer technique were performed to identify ion channels associated 
with apical membranes. Finally, the presence and properties of Na+-channels 
were investigated by measuring amiloride-sensitive 22Na+ uptake into membrane 
vesicles of which the interior was made electrical negative with respect to the 
outside medium. 
Materials and methods 
Chemicals 
All chemicals were purchased from Merck (Germany) unless otherwise stated. 
Tris(hydroxymethyl)aminomethane (TRIS) and N-2-hydroxyethylpiperazine-/V'-2-ethylsulfonic 
acid (HEPES) were from Research Organics (Cleveland, OH). Bis-trispropane, bovine serum 
albumin (BSA), л-decane, Dowex-50X8-100 (TRIS form), ethylene glycol-bis(ß-aminoethyl 
ether)-yV,yV,/V\/V\-tetraacetic acid (EGTA), immunoglobulin, 2-mercaptoethanol, MgATP, 
phenylmethylsulfonyl fluoride (PMSF, 0.4 M stock solution in ethanol) and valinomycin (stock 
solution, I mM in ethanol) were obtained from Sigma (St. Louis, MO). P-glycoCHECK C219 
was from Centocor (Belgium). Phosphatidylethanolamine (PE) and phosphalidylserine (PS) were 
from Avanti Polar Lipids (Alabaster, AL) and 4,4'-dinitrostilbene-2,2'-disulfonic acid (DNDS) 
from Pfaltz and Bauer (Waterbury, CT). cAMP-dependent protein kinase, catalytic subunit (РКА) 
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was from Promega (Madison, Wl), dithiothreitol (DTT) from Boehringer (Mannheim, Germany). 
Dye reagent for the protein assay, SDS-PAGE molecular size markers and bromophenol blue were 
from Bio-Rad laboratories (Richmond, CA). 22NaCl (8.6 GBq/mmol) was from NEN Products 
(Boston, MA), and 125l-labelled Protein A (1.1 GBq/mg) from Amersham ('s-Hertogenbosch, 
NL). SCH 28080 (stock solution, 50 mM in ethanol) was from Schering Corp. (Kenilworth, NJ). 
Isolation of membrane fractions and protein determination 
Membrane fractions from surface and crypt cells of rabbit distal colon, enriched in apical 
membrane marker enzymes, were isolated as described in chapter 2. For detection of Pgp, crude 
membranes (fraction P100) and enriched apical membranes were used (fractions CI and S2). In 
addition, a second fraction from surface cells, enriched in apical and basolateral membranes 
(fraction SI), was also used in experiments with planar lipid bilayers. Protein concentrations were 
determined using the Bio-Rad protein assay based on Coomassie Brilliant Blue binding. 
Gel electrophoresis, immunoblotting and autoradiography 
Sodium dodecyl sulfate Polyacrylamide gelelectrophoresis (SDS-PAGE) was performed 
according to Laemmli [1970] followed by immunoblotting and autoradiography as described by 
Van den Berghe and coworkers [1991]. Samples (2 mg/ml in 30 mM TRIS/HCl, 1.5% (w/v) 
SDS, 5% (v/v) glycerol, 2.5% (v/v) 2-mercaptoethanol, 0.013% (w/v) bromophenol blue, pH 
6.8) were heated for 5 min at 37 °C, prior to separation by 6% (w/v) Polyacrylamide gels. For the 
detection of Pgp anti-Pgp antibody P-glycoCHECK C219 was used at 1:500 dilution. Antibody 
binding was visualized using anti-mouse IgG antiserum and 125l-labelled Protein A. Intensities 
were compared densitometrically, using a Gilford 2410S spectrophotometer (UK). 
Incorporation of ion channels into planar lipid bilayers 
Planar lipid bilayer experiments were performed as described previously [Bridges et al. 
1989]. Briefly, a mixture of PE and PS (7:3, w/w) in n-decane (20 mg/ml) was painted onto a 320 
/ші hole of a bilayer chamber. Both compartments of the chamber were equipped with a warm 
air-jacketed holder to maintain a constant temperature of 37 °C. Volume of both cis and trans 
compartments was 400 μΐ. Solutions were composed of either 50 mM CsCl, 2 mM MgCb, 0.9 
mMCaCb, 1 mM EGTA in 10 mM bis-trispropane set to pH 7.4 with HCl. or 50 mM NaCl, 2 
mM MgCb, 0.6 mM CaCb, 1 mM EGTA in 10 mM bis-trispropane set to pH 7.0 with HCl. After 
a lipid bilayer with suitable capacitance (200-300 pF) was formed, CsCl or NaCl from a 3 M stock 
solution was added to the cis compartment to increase the final concentration to 300 mM. 
Subsequently, colonic apical membrane vesicles (0.5-3 μg protein) were added to the cis side. In 
order to enhance fusion, brush border caps from fraction S(2) were disrupted with TRIS as 
described by Stieger and coworkers [1986]. Channel activity was recorded and stored on 
videotape as described before [Bridges et al. 1989]. For analysis of channel amplitudes, records 
were replayed, low-pass filtered at 400 Hz (Krohn-Hite, model 3200), and transferred to a Nicolet 
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digital storage oscilloscope (model 310). Records of 4 s duration were transferred to an IBM 
computer at a sample rate of 1 kHz. Amplitudes were measured in two ways: firstly, with a 
algorithm that searched for data clusters, secondly by fitting the amplitude distribution to two 
Gaussian histograms using pCLAMP software (Axon Instruments, Burlingame, CA) I Singh et al. 
19911. 
72Na* uptake assays 
Channel mediated 22Na+ uptake into membrane vesicles was assayed as described by Garty 
and Karlish |1989). Surface and crypt cells were isolated as before and were collected after 
centrifugation for IO min at 500x# [chapter 2]. Cells were washed twice with a solution containing 
100 mM K2SO4, 5 mM EGTA and 50 mM TRIS-H2SO4 pH 7.4 (incubation solution), and 
subsequently incubated at 37 "C. After 1 h, cells were placed on ice and homogenized for 20 s 
with a Ultra Turrax homogenizer (Janke and Kunkle, Germany). After centrifugation of 
homogenates for 10 min at lOOOxj?, supernatants were collected, and pellets were resuspended in 
5 and 20 ml incubation solution, respectively. Pellets were homogenized and collected once more. 
The supernatants of each cell fraction were pooled and centrifuged for 1 h at 30,000x#. The final 
pellet was resuspended in 1 and 3 ml incubation solution, respectively, at a protein concentration 
of approximately 2 mg/ml. 150/il of the membrane fractions were loaded onto a cation-exchange 
column (Dowex-50X8-100.TRIS form), that had previously been washed with 1 mg/ml BSA in 
8.5% (w/v) sucrose. Membrane vesicles were eluted with 1.5 ml 8.5% (w/v) sucrose into a test 
tube containing 10 μ! of a 1 M TRIS solution, whereafter the procedure was continued as 
described before by Bridges and coworkers [ 1988|. 
Statistics 
Results are reported as means ± standard errors (SE). Data were analyzed using StatView 
512+ software (Abacus Concepts Inc., Berkeley, CA). On comparison two experimental groups, 
an unpaired Student's t test was used. In case of more than two groups, analysis of variance was 
used. When overall effects were significantly different (P<0.05), experimental groups were 
compared by means of contrast analysis according to Fisher and Scheffé [Snedecor and Cochran, 
19791. 
Results 
The presence of the MDR gene (mdr I) product in membrane fractions 
from surface and crypt cells was analyzed using Western blotting and a 
commercially obtained antibody against Pgp. As shown in Fig. 1, a protein band 
was detected in membranes from both surface and crypt cells that was similar to 
Pgp with respect to molecular weight jJarunka et al. 1989|. An increase in 
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staining intensity was observed between crude membrane fractions and fractions 
enriched in apical membrane marker enzymes. Based on densitometric 
comparison of staining intensity, apical membranes from surface cells contained 
roughly 6 times more Pgp than apical membranes from crypt cells. 
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Figure 1. Binding of anti-P-glycoprotein antibody P-glycoCHECK C219 to proteins in 
membrane fractions from crypt (A) and surface cells (B) of rabbit distal colon. Lanes 
1 and 3 contained 20 μ% crude membranes, so-called P( 100) fraction. Lanes 2 and 4 
contained 20 /<g purified apical membrane fraction C( 1 ) and S(2), respectively. The 
position of molecular weight markers (Mw) are indicated on the left. 
Experiments with planar lipid bilayers were performed to identify ion 
channels which reside in the fractions that are enriched in apical membranes 
from surface and crypt cells. A total of 7 distinctly different channels were 
encountered. Based on reversal potential, 4 channels could be identified as anion 
selective channels and 3 as cation selective channels. Characteristics of these 
channels are summarized in table I. An anion channel with one dominant open 
state and a conductance of 83-pS at 0 mV was detected most frequently. Current 
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recordings and the current-voltage relation of this channel are demonstrated in 
Fig. 2. This channel was found in apical membrane fractions from both surface 
and crypt cells and was sensitive to DNDS as demonstrated in Fig. 3. Moreover, 
this channel exhibited weak rectification at 300 mM NaCI cis and trans, as 
measured in one experiment. ATP and PKA were not required for channel 
activity. In addition, a 219-pS anion channel was found, that was present in apical 
membrane fractions from surface cells only. Like the 83-pS anion channel, 
channel activity was measured in the absence of added ATP and PKA. However, 
in the presence of ATP and PKA, two anion channels, one of 16-pS, and one of a 
5-pS, respectively, were encountered. 
Table 1. Characteristics of ion channels in purified fractions from surface (S( I ) and S(2)) and 
crypt cells (C(l)). 
Channel 
Type 
Anion' 
Anion 
Anion' 
Anion-1 
Cation 
Cation 
Cation1 
ions 
NaCI or CsCl 
NaCI 
CsCl 
CsCl 
NaCI 
NaCI 
CsCl 
E(rev) 
(mV) 
+ 1 9 ± 1 
+35 
+33 
+ 16 
-25 ± 9 
-29 
-20 
• calion'Pamon 
0.4 + 0.1 
0.1 
0.1 
0.4 
5.0 ± 2.0 
5.5 
2.8 
Conductance 2 
(pS) 
83 ± 4 
219 
16 
5 
5 + 1 
9 
17 
η 
11 
1 
1 
1 
4 
1 
1 
fractions 
C ( l ) , S(2) 
S(2) 
C ( ! ) 
S O ) 
C ( l ) , S O ) 
CO) 
C ( l ) 
The results are deduced from 20 successful incorporations of a single channel in 85 
trials.Values are means ± SE of the number of experiments (n) indicated. E(rev) 
indicates the reversal potential. 
1
 Permeability ratios were calculated from the Goldman equation. 
2
 Slope conductance was measured at 0 mV holding potential 
3
 100 μΜ ATP and 100 пМ PKA present on both sides 
Of all cation channels, a 5-pS channel was recorded most often. This channel was 
present in apical membrane fractions from surface as well as crypt cells. The 
channel was found to be highly selective for cations over anions. Relative cation 
selectivity was K+(3.1)>Cs+(2.6)>Na+(1.0). Further characterization of this 
44 Chapter 3 
channel was difficult, since the channel opened only for short periods of time (ms 
range) followed by long closed periods (min range) at holding potentials between 
-60 and +60 mV. Channel activity was detected in the absence of ATP and PKA. 
A 9-pS cation channel was found in crypt cell membranes only. In the presence 
of ATP and PKA a 18-pS cation channel was encountered in crypt apical 
membrane fractions. 
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Figure 2. Characteristics of the 83-pS Cl-channel activity in apical membrane fractions from 
colonic surface and crypt celts. (A) Single channel recordings of the intermediate 
conductance outwardly rectified CI" channel at 37 °C and various holding potentials 
(Vp) in 300 mM NaCI cis and 50 mM NaCI trans Filtered at 100 Hz. Arrows indicate 
open (o) and closed (c) states of the channel. (B) Current-voltage relation for the 
intermediate conductance outwardly rectified Cl· channel at 37 °C in 300 mM NaCI cis 
and 50 mM NaCI trans. Values are means ± SE of at least 3 channel recordings. 
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Figure 3. Single channel current traces of the 83-pS Cl-channcl activity before (control) and 
after addition of 3 μΜ DNDS to the cis-compartment (3 μΜ DNDSC¡S). Channel 
activity was recorded at 37 "C and -30 mV holding potential (Vp) in 300 mM NaCI cis 
and 50 mM NaCI trans and filtered at 100 Hz. Arrows indicate open (o) and closed 
(c) stales of the channel. 
Cation channels in the apical membrane fractions were difficult to 
characterize, due to the low open probability. Therefore an alternative approach 
to determine the localization of amiloride-sensitive Na+-channels was applied. 
Uptake of 22Na+ into membrane vesicles driven by a negative inside membrane 
potential was measured. Time dependent conductive 22Na+ uptake was observed 
in vesicles derived from surface cells, as demonstrated in Fig. 4A. Maximum 
uptake was reached after 5 min. Amiloride (1 μΜ) blocked 79 ± 9 % (n=4) of 
the maximal 2 2 Na + uptake, and 2 2 Na + uptake was completely abolished in the 
presence of 1% (v/v) Triton X-100 (data not shown). In membrane vesicles 
derived from crypt cells, conductive 2 2 Na + uptake was 20 fold lower in 
comparison to that of surface cells (Fig. 4B). Moreover, 18 ± 9 % (n=4) of 
conductive 2 2 Na + uptake into vesicles was blocked by amiloride, to a level that 
was not significantly different from total uptake (/M).08, Fig. 4B). Subsequently, 
the affinity of amiloride inhibition of conductive Na+ uptake was studied using 
membrane vesicles derived from surface cells. Fig. 5 shows the concentration 
dependence of the amiloride inhibition. 98.2 ± 0.3 % of the amiloride sensitive 
2 2 Na + uptake is mediated by a mechanism with a high affinity for amiloride (k¡ = 
28 ± 9 nM, n=3). 
46 v_napierj 
22jsía+ uptake (pmolmg protein*1) 
100 
50 
0 
6 
3 
0 0 2 4 б 8 10 12 
Time (min) 
Figure 4. Time-dependence of the 2 2Na+ uptake into membrane fractions of surface (A) and 
crypt cells (B). Uptakes were measured in the absence (·) and presence (o) of 1 μΜ 
amiloride. Data represent means ± SE of at least 3 experiments. 
Discussion 
We have used membrane fractions from colonic surface and crypt cells, 
which are enriched in apical membrane marker enzymes, to characterize 
associated channel activities. The MDR gene product Pgp was most abundant in 
surface cells, whereas ORIC-like Cl-channels were present in membrane 
fractions from both cell types. Amiloride-sensitive Na+-channels were only 
detected in surface cells. 
Apical membrane fragments were identified as such, based on enrichment in 
(H+-K+)-ATPase and alkaline phosphatase activity. Regarding surface cells, these 
markers accumulated in two distinct fractions, S(l) and S(2), of which S(l) was 
contaminated with basolateral membranes. Apical membranes in fraction S(2) are 
known to consist in brush border caps, of which resealed membrane preparations 
could be made. As for surface cells, apical membrane markers of crypt cells also 
accumulated in two distinct fractions. Fraction C(l) is characterized by high 
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purification factors of apical membrane markers and only slightly contaminated 
with other membrane markers. In fraction C(2), all marker enzymes were 
enriched to the same extent, and this fraction contained also substantial amounts 
of mitochondria. Therefore, we focused on ion channels that are associated with 
apical membrane fractions S(2) and C(l). The results presented in this study 
show clearly, that the apical membrane vesicles from crypt and surface cells can 
be used to study the properties of colonic ion channels. 
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Figure 5. Dose-dependent inhibition by amiloride of the 2 2Na+ uptake into membrane vesicles 
of surface cells. Data are means ± SE of 3 different batches, normalized to maximum 
inhibition in the presence of 2.7 ΙΟ 6 M amiloride. Line shows fit to the 
Michael is-Menten equation. 
The MDR gene (mdr 1), that confers multidrug resistance is known to be 
expressed in the human colon |Fojo et al. 1987|. The gene product Pgp is known 
to function as a volume-regulated, ATP-dependent Cl"-channel [Valverde et al. 
1992), and has been detected by immunohistochemical methods in the apical 
membrane of columnar epithelial cells |Thiebaut et al. 19871. Therefore, Pgp can 
serve as an additional marker for apical membranes. In fact, an increase in 
staining on immunoblots was observed, when fractions from surface and crypt 
cells enriched in apical membranes were compared to a microsomal pellet 
(PI00). Moreover, Pgp was present in the apical membrane of both surface and 
crypt cells, albeit highest levels are associated with surface cells. Thus, Pgp is a 
good marker for the apical membrane of differentiated colonic surface cells. 
The fractions from surface and crypt cells, enriched in apical membrane 
marker enzymes, form reseated vesicles, as demonstrated by the mannitol influx 
VA 
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measurements |chapter 2|. Therefore, these fractions can be used in planar lipid 
bilayers studies, to characterize ion channels associated with these membranes. 
The conditions used in these experiments were optimized for measuring 
СГ-channels [Reinhardt et al. 1987; Bridges et al. 1989; Singh et al. 19911. 
Protein concentrations, additions of ATP and PKA and the use of Cs+ or Na+ 
were varied in order to detect different types of ion channels. As a result, a 
single channel was observed in ~25 % of all trials. Most often, a weakly 
rectifying DNDS-sensitive Cl'-channel, with one dominant open-state and a 
conductance of 83 pS at 0 mV, was incorporated into the bilayer. Based on these 
characteristics, the channel resembled the Cl-channel from rat colonic enterocyte 
plasma membrane vesicles that has previously been identified in planar lipid 
bilayers [Reinhardt et al. 1987; Bridges et al. 1989; Singh et al. 19911. 
Therefore, we are confident that this is the outward rectifying intermediate 
conductance (ORIC) Cl-channel that is present in several CI" secreting epithelia 
and whose activity is increased by cAMP. However, conductance of the present 
channel was higher, and anion-to-cation selectivity was lower than reported for 
the rat analog [Reinhardt et al. 1987). These differences can be explained by the 
fact that the present experiments were performed at 37 e C , whereas ORIC 
Cl'-channel activity in rat plasma membrane vesicles was studied at room 
temperature. The ORIC-like Cl'-channel was present in apical membrane 
fractions from both surface and crypt cells. This finding is in support of the 
results of Köckerling and Fromm [I993|, who demonstrated that colonic surface 
cells are involved in cAMP-dependent CI" secretion. Our findings are also 
consistent with the results of Diener and coworkers 11989], who measured 
Cl'-channels in the apical membrane of rat colonic surface cells. 
Besides the 83-pS channel, three other anion channels were encountered in 
the apical membranes of surface and crypt cells. However, these channels were 
only encountered once, which makes comparison to other channels which have 
been identified by patch clamp techniques difficult. The conductance of two of 
these Cl"-channels closely resembled conductances of anion channels in the apical 
membrane from colonic epithelial cells. First, the 5-pS Cl'-channel corresponds 
to the cystic fibrosis transmembrane conductance regulator (CFTR) in view of its 
low conductance and ATP and PKA dependence [Bear et al. 1992]. Secondly, 
cAMP stimulated Cl'-channels with similar conductances as the 16-pS 
Cl-channel, have been described in the apical membrane of T84, HT29 and 
Caco-2 cells | Frizzell et al. 1986; Hayslett et al. 1987; Huber et al. 19931. 
Three different types of cation channels were detected in the present study. 
The cation channel most frequently encountered exhibited characteristics of the 
bovine renal small conductance (7-pS) amiloride-sensitive Na+-channel, 
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regarding conductance, opening and closing characteristics [Oh and Benos, 1993|. 
However, the cation channel we describe here is less frequently open. Moreover, 
selectivity for K+ and Cs+ was higher than for Na+, indicating that it is not the 
amiloride-sensitive Na+-channel. Unfortunately, detailed characterization of this 
and the other cation channels was difficult due to the very low open probability 
(Po«0.01). 
The bilayer technique is not suitable for assessing the density of channels in 
a vesicle preparation or comparing the abundance of channels in different 
fractions. The most frequently observed channel may reflect the vesicle 
population that most easily fuses with the bilayer, which may or may not be the 
most abundant vesicle population in the membrane fraction. Nevertheless, some 
of the channels observed in this study resemble channels that have been identified 
by patch clamp techniques applied to apical membranes of epithelial cells. 
Since amiloride-sensitive Na+-channels were not encountered using the 
planar lipid bilayer technique, we investigated whether they are present in 
membrane fractions from surface and crypt cells by measuring 22Na+ uptake. 
Amiloride-sensitive 22Na+ uptake, driven by a negative inside membrane 
potential was only demonstrated in membrane vesicles derived from surface 
cells. This conductive pathway for Na+ uptake had a high affinity for amiloride 
(K, = 28 ± 9 nM), comparable to the one in vesicles from colon of 
dexamethasone-treated rats [Bridges et al. 1988|. Our results also provide 
evidence for the successful separation of the colonic epithelium in two, 
functionally distinctive cell fractions. The fact that the amiloride sensitive 
conductive pathway for Na+ uptake is only found in surface cells, is in support of 
the hypothesis that surface cells in the distal colon are the sites of electrogenic 
Na+ absorption. These results are in agreement with voltage-scanning studies of 
Köckerling and coworkers [1993], who showed that amiloride-sensitive 
electrogenic Na+ absorption was exclusively performed by surface cells. Our 
results are also indicative of the presence of Na+ channels in colon of rabbits on a 
normal diet, which contrasts with rat colon, where electrogenic Na+ absorption 
and an amiloride-sensitive conductive pathway for Na+ uptake is only present 
after treatment with dexamethasone [Bridges et al. 1988|. 
In conclusion, we have demonstrated the presence of ORIC-Iike Cl"-channels 
in surface and in crypt cells, whereas amiloride sensitive Na+-channels were only 
present in surface cells. Pgp was present in surface as well as crypt cells, but 6 
fold higher levels were found in apical membranes from surface cells. 
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Regulation of intracellular pH in crypt cells from rabbit distal colon 
S.L. Abrahamse, A. Vis, R.J.M. Bindels and C.H. Van Os. 
Am. J. Physiol, (in press) 
Summary 
H1" secretory mechanisms and intrinsic intracellular buffering capacity were 
studied in crypt cells from rabbit distal colon. To this end, crypts of Lieberkühn 
were isolated by microdissection, and intracellular pH (pH,) was measured using 
digital imaging fluorescence microscopy and the pH-sensitive fluorescent dye 
2',7'-bis(carboxyethyl)-5(6)-carboxyfluorescein. In the absence of HCO3VCO2 
and presence of Na+, resting pH, was 7.51 ± 0.04 (n=237/23, cells/crypts). 
However, 6 min after superfusion with a solution containing zero Na+, 1 ΙΟ"5 M 
SCH 28080 and 5 ΙΟ"8 M bafilomycin A|, pH¡ in cells at the bottom of the crypts 
was significantly reduced, whereas pH, in cells at the top of the crypts remained 
unchanged. The intrinsic buffering capacity of cells from the middle to the top 
portion of crypts was significantly higher in the pH, range 7.2 to 7.6 than of cells 
at the bottom of the crypt. H+ secretion following an NH4+/Nrb pulse, amounted 
to 245 ± 53 μΜ/s (n=73/7) at pH, 7.1, and was largely Na+-dependent and 
ethylisopropylamiloride-sensitive. The Na+-independent recovery of pH, after an 
acid load was insensitive to SCH 28080 and bafilomycin A\. In conclusion, pH, in 
colonic crypt cells is regulated through (Na+-H+)-exchange activity in the absence 
of HCO3". In addition, intracellular buffering capacity varied with the position 
along the crypt axis, whereas (Na+-H+)-exchange activity and pH, did not. 
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Introduction 
In ail cells, intracellular pH (pH,) is regulated within a narrow range, and 
maintained above its electrochemical equilibrium. However, changes in the 
regulation of pH, occur during alterations in the proliferative state of the cell 
|Roos and Boron, 1981; Frelin et al. 19881- In order to study changes during 
proliferative transitions, the colonic epithelium provides a valuable tissue, as it 
contains proliferative units that can easily be isolated, the crypts. Crypts consist 
of cells passing through different stages of differentiation, arranged along the 
axis in order of age. Proliferative stem cells are found around the bottom of the 
crypt, from where they migrate upwards meanwhile differentiating |Lipkin, 
19871. 
An ubiquitous mechanism for H+ extrusion is the (Na+-H+)-exchanger 
(NHE). This NHE not only contributes to pH, regulation, but is also involved in 
volume regulation and responds to mitogenic stimuli |for reviews, see Aronson, 
1985; Grinstein et al. 1989; Clark and Limbird, 19911. In addition to NHE, other 
H+ secreting mechanisms, present in the plasma membrane of colonic crypt cells, 
may be involved in pH, regulation. First, a bafilomycin Α ι sensitive H+-ATPase 
has been demonstrated in microsomal fractions of the rabbit distal colon 
epithelium |Kaunitz and Sachs. 1986; chapter 5]. Second, an (H+-K+)-ATPase, 
related to the gastric and renal (H+-K+)-ATPase, is present in the apical 
membrane of these cells | Wills and Biagi, 1982; McCabe et al. 1984; Halm and 
Frizzell, 1986; Kaunitz and Sachs, 1986; Plass et al. 1986; Takeguchi et al. 1990; 
chapter 31. Recently, we have shown that colonic (H+-K+)-ATPase indeed 
contributes to pH, regulation after an acid load in the human colon carcinoma cell 
line Caco-2 |chapter 5|. 
The aim of the present study was to examine the mechanisms involved in pH, 
regulation in crypt cells at different locations along the crypt axis. We focused on 
H+ extrusion mechanisms and intrinsic intracellular buffering capacity (ß,) in 
individual cells of a single crypt. To this end, crypts of Lieberkühn were 
microdissected from rabbit distal colon. pH, was measured by use of the pH-
sensitive dye 2',7'-bis(carboxyethyl)-5(6)carboxyfluorescein (BCECF) in 
combination with digital imaging fluorescence microscopy. 
Materials and methods 
Solutions and chemicals 
The compositions of the solutions used are listed in table 1. All chemicals were purchased 
from Merck (Germany) unless otherwise stated. Dulbecco's modified Eagle's minimum essential 
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medium (DMEM) was obtained from Imperial laboratories (Andover, UK). Fetal calf serum was 
from Sera-Lab (Sussex, UK), N-2-hydroxyethylpiperazine-N '-2-ethylsulfonic acid (HEPES) and 
tris(hydroxymethyl)aminomethane (TRIS) from Research Organics (Cleveland, OH). Nigerian 
( 10 mM stock in ethanol) and bisbenzimide trihydrochloride (Hoechst 33258) were from Sigma 
(St. Louis. MO), SCH 28080 (50 mM stock in ethanol) and gentamicin from Schering Corp. 
(Kenilworth, NJ). The acetoxymethyl ester BCECF/AM (I mM stock in dimethyl sulfoxide) and 
ethylisopropylamiloride (EIPA) (10 mM stock in ethanol) were from Molecular Probes (Eugene, 
OR), and Cell-Tak® from collaborative biochemical products (Bedford, MA). Bafilomycin Α ι 
(0.1 mM stock in dimethyl sulfoxide) was kindly provided by Dr. K. Altendorf (University of 
Osnabrück, Germany). 
Table 1. Composition of solutions 
solution 
Na+ 
NMG+ 
K+ 
NH 4 + 
Ca2+ 
Mg2+ 
ci-
Gluconate 
HPO42-
H;P0 4 -
HEPES 
L-alanine 
D-glucose 
mannitol 
pH (with TRIS) 
1 
140 
0 
5 
0 
] 
1 
146 
0 
1 
1 
10 
5 
10 
0 
7.4 
2 
0 
140 
5 
0 
1 
1 
146 
0 
1 
1 
10 
5 
10 
0 
7.4 
3 
0 
no 
5 
30 
1 
1 
146 
0 
1 
1 
10 
5 
10 
0 
7.4 
4 
10 
0 
130 
0 
1 
1 
42 
102 
0 
0 
5 
0 
10 
20 
as indicated 
Isolation of crypts 
Colons were obtained from New Zealand white rabbits of either sex weighing 2-3 kg. The 
animals were fed with a standard chow for rodents (Hope Farms BV, Woerden, NL) and had free 
access to tap water. They were starved over night before sacrifice, killed by cervical dislocation, 
and subsequently bled. A section of the descending colon was removed and flushed with solution 
1 (table 1). Colonic crypts were isolated according to Biagi and coworkers [ 1990]. Briefly, the 
colon was opened, and the mucosa layer was isolated by scraping with a glass microscope slide. 
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After addition of 2 ml culture medium (DMEM with 50 μgim\ gentamicin), the scraping was 
minced with a razor blade and transferred to a glass petri dish containing 40 ml culture medium. 
Crypts were isolated by microdissection using needles. Collected crypts were attached to glass 
cover slips coated with Cell-Tak®. Cell-Tak®, 5 /il, was spread on a cover slip placed in a 3.8 
cm
2
 culture well (Costar, Badhoevedorp, NL) and allowed to dry in air at room temperature for I 
h. 50 μ\ culture medium was added to the coated surface, and isolated crypts were transferred 
from the petri dish to the droplet of culture medium. Hereafter, 800 μ\ culture medium 
supplemented with 10% (v/v) fetal calf serum, 13mMNaHCO_ì,4mML-glutamineand l%(v/v) 
of a mixture of non-essential amino acids was added to the cover slip. Crypts were kept in a 
humidified incubator at 37 °C in 5% СОг/95% air up to 6 h, until used. 
Measurement ofpHj in single cells 
Cells were loaded with BCECF by exposure to 5 μΜ BCECF/AM for 1 h at 37 °C in culture 
medium containing 10% (v/v) FCS, 13 mM NaHCO.i, 4 mM L-glutamine and 1% (v/v) of a 
mixture of non-essential amino acids. Hereafter, the cover slips were mounted in a thermostated 
"Leiden" chamber |Ince et al. 19831, with a plastic insert to reduce the chamber volume to 200 μΙ, 
and subsequently placed on the stage of an inverted Diaphot microscope (Nikon, Amsterdam, 
NL). The microscope was connected to a MagiCal System (Applied Imaging International Ltd., 
Tyne & Wear, UK) in which images are captured and analyzed using a charge-coupled device 
(CCD) camera and time analysis and ratioing digital image sequences (TARDIS) software (Applied 
Imaging International Ltd., Tyne & Wear, UK) |Neylon et al. 1990|. A 40x quartz oil immersion 
objective was used to monitor whole crypts. 16 images of 40 ms each at excitation wavelengths of 
440 nm followed by 16 images at excitation wavelength of 490 nm were taken at emission 
wavelength above 515 nm and averaged. For ratioing, a set of images was taken every 7.5 s. Cells 
were supervised at a rate of 3 ml/min with solutions of which the composition is shown in table 1, 
maintained at 37 °C. After each experiment, fluorescence ratios were calibrated to pH by exposing 
the crypt cells to high K+ solutions (solution 4) containing 10 μΜ nigericin for 6 min. 
Extracellular pH was changed stepwise in a range between 6.5 to 7.7 at 5 min intervals. 
Calibration curves for each individual cell were calculated by means of linear regression on the 
basis of 4 different pH values. Autofluorescence was less than 2 % of the BCECF signals and 
therefore background correction was unnecessary. To identify individual cells at the end of each 
experiment, crypts were superfused with solution 1 containing 0.1 /4g/ml bisbenzimide 
trihydrochloride. At 340 nm excitation wavelength, nuclei of cells were visualized and could easily 
be detected and compared to fluorescence images of the crypts at 440 and 490 excitatory 
wavelengths. 
Experimental protocols 
The intrinsic intracellular buffering capacity (B¡) was estimated using a method described by 
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Boyarsky and coworkers 11988|. Briefly, all mechanisms for pH, regulation in the colonic crypt 
cells were inhibited by omitting Na+ and HCO_y from the perfusate (solution 2) and by addition of 
5 10* M bafilomycin A| and I· IO"5 M SCH 28080. After 6 min, superfusion was changed to a 
similar solution, in which 40 mM NMGCI was replaced with 40 mM NH4CI. Cells were exposed 
to this solution for 3 min. Hereafter, the concentration NH4CI in the perfusate was subsequently 
lowered to 20, 10, 5 and 0 mM at 3 minutes intervals each. The ß, was calculated from the change 
in pH, caused by the change in the intracellular NH4+ concentration upon lowering extracellular 
NH4CI from 40 to 20, 20 to 10, 10 to 5 and 5 to 0 mM. Intracellular NH4+ concentrations were 
calculated by assuming pKa for NH4+ to be 8.9 at 37 °C. 
H+ secretory mechanisms were studied by investigating the recovery of pH| from an acid 
load. For this, cells were acidified by means of a 5 min 30 mM NH4CI pulse (solution 3) [Roos 
and Boron, 19811. Recovery of pH| from the acid load was studied in the absence and 
subsequently in the presence of Na+, or in the presence of inhibitors as indicated in the results 
section. Rate of recovery at pH| 7.1 was analyzed as described in chapter 5, and Η + efflux (μΜ/s) 
was calculated from the rate of recovery and ß, at pH, 7.1. 
Statistics 
Results are reported as means ± standard errors (SE), after averaging data from cells within 
a defined region of the crypt, or after averaging all cells within one crypt, when values from 
different regions in a crypt were not significantly different. Data were analyzed using StatView 
512+ software (Abacus concepts Inc., Berkeley, CA), during which the number of crypts was 
used as the number of experiments. When two experimental groups were compared an unpaired 
student t test was used. Analysis of variance was used in case of more than two experimental 
groups, followed by contrast analysis according to Fisher and Scheffé when overall effects were 
significantly different (P<0.05) |Snedecorand Cochran, 1979|. 
Results 
Cell pH and buffering capacity 
Differences in pH,, ß, and H+ secretory mechanisms of cells within different 
locations of a crypt were analyzed by dividing the crypts in 5 equal parts. Fig. 1 
shows fluorescent and ratio images of two isolated crypts loaded with BCECF, 
and the arbitrary division. Resting pH, values in colonic crypt cells were 
measured after 10 min superfusion with solution 1. In the presence of 
extracellular Na+ and absence of HCO3 /C02, pH, was 7.51 ± 0.04 (237 cells in 
23 crypts from 13 rabbits). On comparison, the pH, values of cells in different 
locations along the crypt axis, no significant differences were observed (P>QA). 
Changes in pH,, following the protocol for determination of β, are shown in 
Fig. 2. Upon changing the perfusate to a Na+ and HCO3" free solution (solution 2) 
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containing 5 10 s M bafilomycin A, and 1 105 M SCH 28080, pH¡ in cells within 
part 1 and 2 of the crypt gradually declined (Fig. 2B). In contrast, pH, in cells 
within part 3-5 of the crypt, was not influenced by omitting Na+ and addition of 
bafilomycin A| and SCH 28080 to the extracellular solution (Fig. 2A). As 
indicated in Fig. 3, steady state pH¡ upon 6 min exposure to the Na+ and HCO3 
free solution (solution 2) containing bafilomycin A| and SCH 28080 was 
significantly lowered in cells within the lower two-fifths of the crypts when 
compared to pH, in the presence of Na+ and absence of bafilomycin A| and SCH 
28080 (P<0.01). This was not the case for cells at the upper three-fifths of the 
crypt (P>0.2). Moreover, in the absence of Na+ and HCOy and in the presence of 
bafilomycin Ai and SCH 28080, pH¡ in cells at the bottom of the crypt (part 1 
and 2) differed significantly from pH¡ in cells from the middle to the top portion 
of the crypt under the same conditions (Л<0.05). 
Figure 1. Fluorescent images of two crypts of Lieberkühn obtained at excitation wavelengths of 
440 nm (A) and 490 nm (B) and the associated 490 nm/440 nm ratio image (C). 
Crypts were microdissected from rabbit distal colon, and subsequently loaded with 
BCECF. For analysis the crypts were divided in 5 equal parts as indicated. 
pHi 
7.7 
7.3 -
6.9 • 
6.4 
7.7 
7.3-
6.9-
6.4 
О 13 26 
time (min) 
Figure 2. Determination of ß, in colonic crypt cells at different pH,, for cells at the top (A) and 
bottom of the crypt (B). Cells were exposed to HCO.v free solutions throughout the 
whole experiment. After a brief period, the perfusate was switched from a Na+ 
containing solution (solution I ) to a Na+ free solution (solution 2). From this moment 
on, I IO-5 M SCH 28080 and 5 ΙΟ"8 M bafilomycin Α ι were continuously present. 
After 6 min, 40 mM NH4CI was added, resulting in a prompt increase of pH,. 
Hereafter, NH4CI concentration was lowered stepwise as indicated. Finally, cells 
were exposed to Na+ again (solution 1). Representative traces from cells in 6 crypts 
from 6 rabbits are shown. 
The intrinsic intracellular buffering capacity, β,, differed with the position 
along the crypt axis, as can be deduced from the pH, traces in Fig. 2 from cells at 
the bottom and top of the crypt. Fig. 4 shows the relation between ß, and pH, for 
cells within the bottom (part 1 and 2) and middle to top of the crypts (part 3 to 
5). Upon increasing pH,, ß, decreased in cells within the bottom of the crypts. In 
Na+ NMG+ Na+ 
NH4+ 
40 20 110 5 
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contrast, for cells from the middle to the top of the crypts, ß, increased with 
higher pH, levels. As a result, ß, at pH, 7.2-7.6 was significantly different 
between cells at the lower two-fifths of the crypts on one hand and cells within 
the upper three-fifths of the crypts on the other hand (Ρ<0.05). However, at pH( 
7.1, ß, averaged 31 ± 5 mM/pH (29 cells in 6 crypts from 6 rabbits) and was not 
significantly different in cells at different positions of the crypt (P>0.9). 
1 2 3 4 5 
cells within parts along the crypt axis 
Figure 3. pH, values in cells from bottom (1) to top (5) of a crypt in the presence of Na+ and 
absence of HCO3" ( · ) , and 6 min after superfusion with a Na+ and HCO3" free 
solution containing 1 ΙΟ 5 M SCH 28080 and 5· 10* M bafilomycin Ai (O). Values 
represent means ± SE of at least 8 cells in 5 crypts from 5 rabbits. *, significantly 
different from pH, values in the presence of Na+ and absence of SCH 28080 and 
bafilomycin Ai, within the same part (P<0.05). 
Recovery of рЩ from an acid load: No*-dependent mechanism 
To identify H+ extrusion mechanisms in colonic crypt cells, recovery of pH, 
after an acid load was investigated. Cells were acidified using the NH4+/NH3 pulse 
technique [Roos and Boron, 1981]. Fig. 5 demonstrates the effect of such a pulse 
on pH,. Exposure to 30 mM NH4CI in the absence of Na+ (solution 3) for 5 
minutes resulted in an instantaneous rise in pH,. Upon changing the perfusate to 
anNH4+ and Na+ free solution (solution 2), pH, dropped to 7.04 ± 0.07 (31 cells 
in 3 crypts from 3 rabbits). In the absence of extracellular Na+, a small but 
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significant recovery of pH, (table 2) could be observed. Subsequent addition of 
Na+ (solution 1) resulted in a rapid recovery of pH, from the acid load (Fig 5). 
No significant differences in Na+ dependent recovery from acid loading were 
observed when using the NH^/NH^ pulse technique on one hand or following the 
protocol for ß, determination on the other hand (Fig. 2A-B). Therefore, pH, 
values and H+ excretion rates were pooled. In the presence of Na+, pH, recovered 
to 7.52 ± 0.03 (73 cells in 7 crypts from 6 rabbits), which was not significantly 
different from resting pH, (P>0.5). Rates of H+ efflux at pH, 7.1 in the absence as 
well as in the presence of Na+ were the same in all cells independent of the 
location within the crypt. 
ß ( m M pH1) 
60-
40-
20-
0 
7.0 7.2 7.4 7.6 7.8 
pH, 
Figure 4. Relation between intrinsic intracellular buffering capacity (ß,) and pH, of cells at the 
bottom (part 1 and 2, · ) and middle to top (part 3-5, O) of a crypt. Values represent 
means ± SE of at least 8 cells in 3 crypts from 3 rabbits. *, significantly different 
from ß, at the middle of the crypt (P<0.05). 
The nature of the Na+ dependent recovery of pH, was further investigated 
by examining the inhibitory effect of the amiloride analogue EIPA. As shown in 
Fig. 6A and table 2, 50 μΜ EIPA reduced the recovery of pH, to the same extent 
as the omission of Na+. Rates of H + efflux at pH, 7.1 in the presence of 50 μΜ 
EIPA and Na+ on one hand and in the absence of extracellular Na+ on the other 
hand, were not significantly different (/Ъ»0.7). Moreover, minimum pH, reached 
Chapter 4 61 
during the wash out of NH^/NHi in the presence of EIPA, was identical to the 
minimum pH¡ in the absence of Na+. Like recovery of pH¡ in the absence of Na+, 
no significant differences in the rate of H+ secretion in the presence of FJPA 
were observed for cells at different positions along the crypt axis. 
4a+ 
NH4 + 
NMG+ Na+ 
1 1 1 
0 4 8 12 16 
time (min) 
Figure 5. The effect of a 30 mM NH4CI pulse in the absence of Na+ and HCO3" on pH¡, and 
subsequent recovery in the absence and presence of Na+. Typical experiment 
representative of 32 cells in 3 crypts from 3 rabbits. 
Recovery of pH, from an acid load: Na+ independent mechanisms 
The nature of the Na+ independent H+ extrusion, was further investigated by 
studying the inhibitory effects of 5 ΙΟ"8 M Bafilomycin A| and HO" 5 M SCH 
28080 on the recovery of pH¡ in the absence of Na+ (solution 2). As demonstrated 
in Fig 6B and 6C, none of these inhibitors completely abolished the recovery of 
pHj in the absence of Na+. Moreover, as shown in table 2, H+ extrusion in the 
absence of extracellular Na+ alone was not significantly different from H+ 
extrusion in the absence of Na+ and presence of either bafilomycin A] or SCH 
28080. Also,.minimum pHj reached during the wash out of NH4+/NH3 in the 
presence of bafilomycin A1 or SCH 28080, was not significantly lower than in 
the absence of Na+ alone or in the presence of Na+ and 50 μΜ EIPA (P>0.4). 
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Figure 6. Recovery of pH,, after an NH4+/NH3 pulse, in the presence of Na+ (solution 1 ) and 
50 μΜ EIPA (A), in the absence of Na+ (solution 2) and presence of 5 ΙΟ 8 M 
Bafilomycin A\ (B), and absence of Na+ (solution 2) and presence of 1 I(V5 M SCH 
28080 (C). Typical experiments representative of at least 32 cells in 3 crypts from 3 
rabbits. 
Discussion 
The present study clearly demonstrates differences in pH, regulation in cells 
from distinct parts within crypts dissected from rabbit distal colon. In the 
absence of HCO3", pH, in cells at the bottom of a crypt decreases significantly 
upon changing the perfusate from a Na+ containing solution to a Na+ free 
solution supplemented with bafilomycin A | and SCH 28080. Significantly less 
acidification can be observed in cells located at the middle and towards the top of 
the crypt. In addition, ß, varied with the position along the crypt axis. In cells at 
the lower two-fifths of the crypts, ß, decreases as pH, increases from pH 7.0 to 
7.8. A similar relationship between pH, and ß, in the absence of НСОу/ССЬ has 
Chapter 4 63 
been reported for other cell types |Goldsmith and Hilton, 1992|. In contrast, for 
cells from the middle towards the lop of the crypt, ß, increases upon increasing 
pH,. However, the differences in pH, regulatory mechanisms observed in this 
study do not coincide with the previously described division in areas consisting of 
proliferative and differentiating cells |Lipkin, 1987|. Proliferative cells can be 
found within the lower three-fourths of the crypts, whereas the differences 
described in this study are observed between the lower two-Fifths and upper three-
fifths of the crypt. 
Table 2. H+-secretion at pH, 7.1 during recovery from an NH4+/NH3 induced acid load. 
condition pH, H+efflux at pH, 7.1 η 
minimum (/(M/s) (cells/crypts) 
NaCI 
NaCI + 50 μΜ EIPA 
NMGC1 
NMGCI + 1 I O 5 M SCH 28080 
NMGCI + 5 10* M bafilomycin Α ι 
Values are the means + SE of the number of cells indicated. 
Significantly different from H+ efflux in the presence of NaCI (P<0.05). 
ND, not determined 
In the absence of HCO3/CO2, pH, of colonic crypt cells is 7.51 ± 0.04. 
Similar pH, values have been reported for human colon carcinoma cells Caco-2 
after 3 weeks of culture |chapter 5 | and CCL 227 [Cosentini et al. 19931-
However, differentiated Caco-2 cells and human colonic crypt cells exhibit lower 
pH, levels, 7.40 ± 0.03 [chapter 51 and 7.35 ± 0.03 |Bischof et al. 1993]. In rabbit 
colonic epithelial cells, isolated as single cells, pH, was 7.23 ± 0.01 and 7.21 ± 
0.03 [Kaunitz, 1988; Benya et al. 19911. Even lower values were reported for rat 
colonic crypt cells, 7.00 ± 0.04 and 6.94 ± 0.02, respectively, for cells at the top 
and bottom of the crypt IDiener et al. 19931. Diener and coworkers | I 9 9 3 | 
performed, however, their experiments at room temperature, a condition that 
could reduce the Na+ gradient and thereby lead to lower pH, values. In the 
absence of extracellular Na+ and presence of bafilomycin A1 and SCH 28080, pH, 
in cells at the bottom of the crypt (part 1 and 2) drops to 7.23 ± 0.05. Since there 
is no evidence for a bafilomycin A) or SCH-28080-sensitive mechanism in 
ND 
7.0 ±0.1 
7.0 ±0.1 
6.9 ± 0.1 
6.8 ± 0.1 
245 ± 53 
10 ± 5* 
5 ± 3* 
15 ± 10* 
8 ± 4* 
73/7 
32/3 
31/3 
42/4 
33/3 
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regulating pH¡, these results indicate an active role of a Na+-dependent 
mechanism in maintaining a rather high pH, level in the absence of HCXV/CCb. 
This is also supported by the finding that pH¡ recovers to resting values, upon 
introduction of Na+ after an acid load. The fact that pH, of cells at the middle and 
towards the top of the crypts do not respond to removal of extracellular Na+ and 
addition of bafilomycin Α ι and SCH 28080, corroborates with the higher ß, in 
these cells al pH¡ 7.5. 
In crypt cells, H+ extrusion in response to intracellular acidification occurs 
mainly through a Na+-dependent EIPA-sensitive mechanism. Therefore, we 
conclude that at least one, but possibly more isoforms of NHE are involved in 
regulating pH, of the colonic crypt cells. The technique used in our study does 
not provide answers to the question which isoforms of NHE are involved in the 
recovery of pH¡. and where they arc located. Until now, cDNAs for 4 different 
isoforms of rodent NHE have been isolated |Tse et al. 1991; Orlowski et al. 
1992; Tse et al. 1992; Tse et al. 1993; Wang et al. 1993|, of which two have been 
reported to hybridise with mRNA from rabbit distal colon, i.e. NHE-1 and 2 
|Tse et al. 1991; Tse et al. 1993]. Moreover, distinct types of NHE have been 
characterized biochemically in apical and basolateral membrane fractions from 
rat colon | Binder et al. 1987; Dudeja et al. 1989; Rajendran and Binder, 1990; 
Rajenaran et al. 19911. In analogy with ileal epithelium |Tse et al. 1991], NHE 
associated with the basolateral membrane is thought to be NHE-1. This isoform, 
present in virtually all cells, is involved in pH, regulation, volume regulation, and 
responds to mitogenic stimuli [Aronson, 1985; Grinslcin et al. 1989; Clark and 
Limbird, 19911. NHE located in the apical membrane and thought to act in 
concert with the Cl-HCO.v exchanger resulting in electroneutral NaCI 
absorption, is most likely NHE-2 |Tse et al. 1993|. Although the contribution of 
NHE to regulation of pH¡ has been studied in colonic epithelial cells |Kaunitz, 
1988: Benya et al. 19911, there is no information on the presence of these 
isoforms in either surface or crypt cells of the distal colon. In accordance with 
the widely held view on the function of NHE-1 and NHE-2, NHE-1 will be 
present in both surface and crypt cells. NHE-2 on the other hand, should be 
limited to surface cells, since these cells are the site of Na+ absorption in the 
distal colon |Binder and Sandle, 1987|. (Na+-H+)-exchange activity did not differ 
between cells at different locations along the crypt axis. This in contrast to 
observations of Diener and coworkers | I993 | , who concluded that (Na+-H+)-
exchange activity was higher in cells in the upper part of a colonic crypt. This 
could be explained by the fact the Na+ absorption in rat colon is mediated by 
(Naf-H+)-exchange, while in rabbits Na+ is absorbed via Na+-channcls |Binder 
and Sandle. 1987|. 
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Recovery of pH, after an acid load can not completely be abolished by 
addition of 50 μΜ EIPA or by omitting extracellular Na+. This NHE-
independent recovery can also not be explained by passive diffusion, since the 
intracellular H+ concentration is still above electrochemical equilibrium at pH, 
7.1 |Roos and Boron, 19811. Therefore, additional acid extrusion mechanisms 
have to be present in colonic crypt cells. The two most likely candidates are the 
H+-ATPase and the (H+-K+)-ATPase. The presence of an H+-ATPase in rabbit 
distal colon epithelium has been demonstrated by measuring H+ uptake into 
membrane vesicles [chapter 5; Kaunitz and Sachs, 1986]. However, microsomal 
fractions were used in both studies, and therefore no conclusions can be drawn 
from these studies about the localization of H+-ATPase within the cell. The 
contribution of H+-ATPase to the recovery of pH, in the absence of Na+ was 
tested by the use of the specific inhibitor bafilomycin Ai [Bowman et al. 1988]. 
The concentration used in this study is known to inhibit H+-ATPase in 
microsomal fractions of the rabbit distal colon [chapter 5|. However, bafilomycin 
A| does not reduce the rate of H+-efflux in the absence of Na+. Evidence for the 
presence of an (H+-K+)-ATPase in the apical membrane of the crypt cells from 
rabbit distal colon has been obtained from active K+ absorption studies [Wills et 
al. 1982; McCabe et al. 1984; Halm and Frizzell, 1986; Plass et al. 1986|, and 
from immunocytochemistry, using a monoclonal antibody directed against the 
gastric (H+-K+)-ATPase [Takeguchi et al. 19901. Biochemically, the (H+-K+)-
ATPase has been studied by measuring K+-dependent ouabain-insensitive ATPase 
activity in apical membrane vesicles from both surface and crypt cells [chapter 2 | 
and K+-dependent H+ uptake into membrane vesicles |Kaunitz and Sachs, 1986|. 
In both studies, the (H+-K+)-ATPase in rabbit colon was found to be sensitive to 
the inhibitor of the gastric (H+-K+)-ATPase, SCH 28080 |Wallmark et al. 1987|. 
Moreover, SCH-28080-sensitive H+ secretion has been demonstrated in the 
human colon carcinoma cell line Caco-2 [chapter 5]. The contribution of (H+-K+)-
ATPase to the recovery of pH¡ in the caco-2 cells could be shown by the use of 
the SCH 28080 in the absence of Na+. However, in the present study, the rate of 
H+ efflux in the absence of Na+ is not further reduced upon exposure to SCH 
28080, in spite of the presence of an (H+-K+)-ATPase in the plasma membrane of 
the crypt cells. 
In conclusion, НСОз-independent regulation of pH, in crypt cells of rabbit 
distal colon occurs through one or more isoforms of NHE and the intrinsic 
buffering capacity. Cells along the crypt axis differ in their ß, and in their 
responses to removal of extracellular Na+, whereas NHE activity and pH,, in the 
presence of Na+, are identical in all cells within the crypt. 
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Summary 
The presence of an (H+-K+)-ATPase and its contribution to the regulation of 
intracellular pH (pH¡) was investigated in Caco-2 cells. The (H+-K+)-ATPase was 
detected immunologically using the monoclonal antibody 5-B6, which was raised 
against hog gastric (H+-K+)-ATPase. Cell pH was determined using the pH-
sensitive dye 2\7'-bis(carboxyethyl)-carboxyfluorescein. Control pH¡, measured 
in HCCXv-free medium, was 7.62 ± 0.03 (n=27) when cells were cultured for 14 
days and decreased to 7.40 ± 0.03 (n=I8) after 35 days in culture. Recovery of 
pHi following a NH4+/NH3 pulse could be reduced by either 100 μΜ SCH 28080 
or 1 mM amiloride, or by removing extracellular Na+. The inhibitory effects of 
SCH 28080 and amiloride were additive, demonstrating the involvement of a 
gastric-like (H+-K+)-ATPase and a (Na+-H+)-exchanger in regulating pH¡. 
Recovery rates at pH¡ 6.8 were not significantly different in cells cultured for up 
to 21 days, but were significantly lower in cells cultured for 28 and 35 days. This 
decrease in recovery rate was due to a decrease in the SCH-28080-insensitive 
recovery, indicating a reduction of the relative importance of (Na+-H+)-exchange 
to the recovery. Recovery of pH¡ was also inhibited by 1 mM /V-ethylmaleimide. 
However, it is unlikely that /V-ethylmaleimide inhibited a vacuolar type of H+-
ATPase, since bafilomycin Ai had no effect on pHj recovery. In conclusion, Caco-
2 cells contain a SCH-28080-sensitive mechanism for regulating pH¡, which is 
most conveniently studied after 28 days in culture, when the relative contribution 
of a (Na+-H+)-exchanger to pH¡ regulation is decreased. 
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Introduction 
In the mammalian colon, active absorption of K+ is mediated by a In -
dependent ATPase in the apical membrane of the epithelial cells. Since such K+ 
absorption is electroneutral, temperature-dependent and vanadate-sensitive, an 
active (H+-K+)-antiporter, similar to the gastric (H+-K+)-ATPase, and mediating 
K+ absorption across the apical membrane, has been proposed. Although active 
K+ absorption in the distal colon has been examined in rat |Foster et al. 1984; 
Foster et al. 1986; Tannen et al. 1986; Perrone and McBride, 1988; McLaughlin 
et al. 1990; Sweiry and Binder, 1990; Del Castillo et al. 19911, guinea-pig 
ISuzuki and Kaneko, 1989| and rabbit [Wills and Biagi, 1982; McCabe et al. 
1984; Halm and Frizzell, 1986; Plass et al. 1986), the involvement of a gastric-
like (H+-K+)-ATPase in active K+ absorption is still a matter of controversy. In 
rat, K+ absorption and K+-dependent ATPase activity in apical membrane 
fractions are reduced by ouabain |Perrone and McBride, 1988; McLaughlin et al. 
1990; Sweiry and Binder, 1990; Del Castillo et al. 19911, and not or only 
moderately by SCH 28080 [Perrone and McBride, 1988; Sweiry and Binder. 
1990; Del Castillo et al. 1991]. In guinea-pig distal colon, K+ absorption and In -
dependent ATPase activity in apical membrane fractions are completely inhibited 
by ouabain [Suzuki and Kaneko, 1989; Watanabe et al. 1990|. Only in rabbit does 
SCH 28080 inhibit K+ absorption and K+-dependent ATPase activity in apical 
membrane fractions and ouabain has no effect |Gustin and Goodman, 1981; 
Gustin and Goodman, 1982; Wills and Biagi, 1982; McCabe et al. 1984; Halm 
and Frizzell, 1986; Kaunitz and Sachs, 1986; Plass et al. 1986; Stieger et al. 
1986|. In addition, it has recently been demonstrated that a monoclonal antibody 
raised against hog gastric (H+-K+)-ATPase recognizes an epitope in crypt cells of 
rabbit distal colon [Takeguchi et al. 1990|. 
In the present study, the human colon carcinoma cell line, Caco-2, was used 
as a model for colonic crypt cells. Caco-2 cells grown in vitro are known to 
undergo spontaneous enterocyte-like differentiation [Pinto et al. 1983; Grasset et 
al. 1984; Neutra and Louvard, 1989]. Electrophysiologically, monolayers of 
Caco-2 cells resemble colonic crypt cells [Grasset et al. 1984; Neutra and 
Louvard, 1989]. On the other hand, the presence of microvillar hydrolases 
suggests that Caco-2 cells also exhibit features of differentiated small-intestinal 
villus cells [Pinto et al. 1983; Neutra and Louvard, 1989]. On the basis of these 
characteristics Caco-2 cells are thought to be analogous to 15-week-old fetal 
colonic crypt cells [Pinto et al. 1983; Neutra and Louvard, 1989]. The aim of this 
study was to investigate the presence of an H+-K+-antiporler and its contribution 
to the regulation of intracellular pH (pH¡). The pH¡ was measured 
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fluorophotometrically, using Ihe pH-sensitive dye 2',7'-bis(2-carboxyethyl)-5(6)-
carboxyfluorescein (BCECF). Regulatory mechanisms, independent of HCO3", 
were investigated by measuring the recovery of pH¡ after an acid load using the 
NH4+/NH3-pulse technique |Roos and Boron, 1981] and НСОз-free solutions. In 
order to study changes in the regulatory mechanisms as a result of cell 
differentiation, pH¡ and recovery of pH¡ after an acid load were measured at 
increasing culture periods. 
Materials and methods 
Solutions and chemicals 
The solutions were of the following composition: NaCl medium contained (in mM): 140 
NaCI, 2 KCl, 1 K2HP04, 1 KH2P04, 1 MgCl2, 1 CaCI2,5 D-glucose, 5 L-alanine and 20 У -2-
hydroxyethylpiperazine-W-2-ethylsulfonic acid (HEPES). For yV-methyl-D-glucosamine(NMG) 
medium, NaCl was replaced by equimolar NMGC1. For K+-free medium, KCl, Κ2ΗΡθ4 and 
ΚΗ2ΡΟ\ι were replaced by NaCl, Na2HPC<4 and NaH2P04, respectively. In Nr^CI-containing 
medium, 30 mM NaCl was replaced by 30 mM NH4CI. Solutions were titrated to pH 7.4 with 
tri s(hydroxymethyl)aminomethane (TRIS). 
All chemicals were purchased from Merck (Germany) unless otherwise stated. Dulbecco's 
modified Eagle's minimum essential medium (DMEM) was obtained from Imperial laboratories 
(Andover, UK) and non-essential amino acids from Flow laboratories (Irvine, UK). Fetal calf 
serum was purchased from Sera-Lab (Sussex, UK), HEPES and TRIS from Research Organics 
(Cleveland, Ohio). N-ethylmaleimide, immunoglobulin, valinomycin (stock solution, 1 mM in 
ethanol), nigericin (stock solution, 10 mM in ethanol), СССР (stock solution, 1 mM in ethanol), 
bovine serum albumin (BSA), fl-phenylenediamine and peroxidase-conjugated anti-(mouse IgG) 
were obtained from Sigma (St. Louis, MO), and gelatin from Difco laboratories (Detroit, MI). 
SCH 28080 (stock solution, 50 mM in ethanol) and gentamicin were from Schering Corp. 
(Kenilworth, NJ). Dye reagent for the protein assay was used from Bio-Rad laboratories 
(München, Germany). The acetoxymethyl ester BCECF/AM (stock solution, 1 mM in dimethyl 
sulfoxide) was purchased from Molecular Probes (Eugene, OR). Caco-2 cells were obtained from 
American Type Culture Collection (Rockville, MD). Bafilomycin Ai (stock solution, 5 mM in 
dimethylsulphoxide) was kindly provided by Dr. K. Altendorf (University of Osnabrück, 
Germany), monoclonal antibody (mAb) 5-B6 and 1 -Fl 1 were kindly donated by Dr. T. van Uem 
(University of Nijmegen, NL), and mAb WT 31 was a gift from Dr. W.J.M. Tax (University of 
Nijmegen, NL). 
Enzyme-linked immunosorbent assay (ELISA) 
An ELISA was performed on cells cultured in flat-bottomed 96-well tissue-culture plates 
(Costar, Badhoevedorp, NL). Cells were washed with PBSCa (137 mM NaCl and 1 mM CaCl2 in 
Chapter 5 71 
10 mM sodium phosphate buffer, pH 7.4) and fixed by addition of 0.025% (v/v) glutaraldehyde 
in PBSCa. After 1 h incubation at room temperature, cells were washed with PBSCa and 
subsequently blocked by 2 h incubation with 1% (w/v) gelatin in PBSCa. Cells were subsequently 
washed with PBSCa and incubated overnight at 4 °C with various concentrations of mAb in 
PBSCa supplemented with 0.05% (v/v) TWEEN 20 (PBSCaT), 1% (w/v) BS A and 0.001% 
(w/v) NaN> The cells were then washed with PBSCaT and incubated with peroxidase-conjugated 
anti-(mouse IgG) ( 1:100 dilution in PBSCaT with 1 % (w/v) BSA). After 1.5 h incubation at room 
temperature, cells were washed with PBSCaT and PBSCa. Finally. 5 mM o-phenylenediaminein 
34 mM citric acid, 90 mM Na2HP04 and 0.01% (v/v) H2O2 (pH 5.5) was added and the 
absorption at 492 nm was measured using a Titertek Multiscan plate reader (Flow Laboratories, 
UK). 
Cell cultures 
Caco-2 cells (passage 16-31) were plated on glass cover slips (9x32 mm) in 10-cm2 culture 
wells (Costar, Badhoevedorp, NL) and maintained in DMEM, supplemented with 13 mM 
№НСОз_4тМ L-glutamine, 50^g/ml gentamicin, 1% (v/v) of a mixture of non-essential amino 
acids and 10% (v/v) foetal calf serum. Culture medium was replaced three times a week and the 
cells were maintained at 37 °C in 5% CO2 / 95% air in a humidified incubator. Cells layers reached 
confluency at day 5 and were used 14-35 days after trypsinization. 
Dye loading and perfusion 
Cells were loaded with BCECF by incubation in NaCI medium, containing 2 μΜ 
BCECF/AM, for 45 min at 37 eC. After the loading procedure, cells were left for 30 min at 37 °C 
in dye-free NaCI medium. Cover slips were placed in a cuvette using an adaptor to place cells at an 
angle of about 30° to the excitory light beam. The cuvette was inserted in a Shimadzu RF-5000 
fluorospectrophotometer equipped with a water-jacketed holder to maintain a constant temperature 
of 37 °C inside the cuvette. Perfusion media were kept in a 40 °C water bath and flow through the 
cuvette was maintained by a peristaltic pump. The perfusion rate was set at 6 ml/min during 
addition of NH4CI and during the first 3 min of removal of NH4CI. Before addition of NH4CI and 
3 min after removal of NH4CI the perfusion rate was set at 3 ml/min. The solution in the cuvette 
was stirred continuously. 
Measurement ofpH, 
BCECF fluorescence was measured at 440 and 490 nm excitation wavelengths (bandwidth 
1.5 nm) with fluorescent emission measured at 525 nm wavelength (bandwidth 5.0 nm). The 
excitation wavelengths were changed every second and after each experiment a mean background 
fluorescence of several unloaded cells was subtracted. The corrected 49:0440 ratio was calibrated 
to pH using a high-|K+| medium, containing (in mM): 112 potassium gluconate, 28 KCl, 10 
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NaCI, 1 MgCl2, 0.01 CaCl2, 5 HEPES, 10 D-glucose, 20 mannitol, 0.1 iodoacetic acid, 0.1 
KCN, 0.005 valinomycin, 0.005 СССР and 0.01 nigericin. The pH was varied between pH 6.7 
and 7.8 by addition of 1 N HEPES or 1 N TRIS. Individual calibrations were pooled and a mean 
calibration curve was calculated by means of linear regression. The rate of increase in pH, after 
acid loading with 30 mM NH4CI was measured by fitting the trace to the following exponential 
form: R^Rst-iR^-Rm,,^*1, where R( is the corrected 490:440 ratio at time I, Rs, is the corrected 
490-440 ratio at steady-state, R lml is the corrected 490:440 ratio at time t = 0, and к is the rate 
constant. The rate of change (dR/dt) at pH, 6.8 (R=6.8) was calculated as: d/f/dr= k(R
sr
Rf, к) 
ISimchowitz and Roos, 1985]. Finally, dR/dt was expressed as dpH,/dr using the slope of the 
calibration curve. 
Isolation of rabbit colonic membrane fractions and measurement ofH+-ATPase activity 
From a homogenate of rabbit distal colon epithelium a so-called P100 fraction, representing 
the microsomal membrane fraction, was prepared as described |Kaunitz and Sachs, 1986]. H+-
ATPase activity was measured in this fraction as the ATP-dependent quenching of acridine orange 
absorbance in an Aminco-DW-2000 dual beam spectrophotometer, reading A490.540 [Kaunitz and 
Sachs,1986]. Protein concentrations were determined using the Bio-Rad protein assay with an 
immunoglobulin standard. 
Statistics 
Results are reported as means ± standard errors (SE). Statistical analyses were performed on 
the calculated pH, values using analysis of variance. When overall effects were significantly 
different ( P<0.05), experimental groups were compared by means of contrast analysis according 
to Fisher [Snedecor and Cochran, 1979]. 
Results 
Immunological detection of an (H+-K+)- ATPase in Caco-2 cells. 
For the detection of a gastric-like (H+-K+)-ATPase in Caco-2 cells, an 
ELISA was performed on the cells, using mAbs 5-B6 and 1-F11. Both antibodies 
were raised against hog gastric (H+-K+)-ATPase. MAb 5-B6 is characteristic in 
its binding site, interacting with an epitope around Asp 5 0 7 and/or Asp5 1 0 on the 
cytoplasmic loop of the enzyme [Van Uem et al. 1990; Van Uem et al. 1991). 
Fig. 1 demonstrates the dose-dependent binding of the mAbs to Caco-2 cells. The 
graph clearly shows that mAb 5-B6 recognised an epitope on Caco-2 cells, 
whereas mAb 1 -PI 1 did not. As a negative control, mAb WT 31 directed against 
the CD3 antigen of T-lymphocytes was used, which yielded a non-specific 
binding curve similar to that for mAb 1 -PI 1 (data not shown). 
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Figure 1. Binding of m Ab 5-B6 ( ·) and 1 -FI 1 (о) to Caco-2 cells in an enzyme-linked 
immunoassay system. In each experiment, after incubation with 200/<g/ml m Ab 5-
B6 the absorbance at 492 nm was set to 100%. Values represent the mean ± SE for 3 
to 4 experiments. 
Control pHi. 
In order to investigate the involvement of a gastric-like (H+-K+)-ATPase in 
Caco-2 cells in the regulation of pH¡, pH¡ was monitored using BCECF. 
Calibration of the pH-sensitive fluorescence was performed using a high-(K+] 
medium and 10 μΜ nigericin, supplemented with the K+ ionophore valinomycin, 
the H+ ionophore СССР and the metabolic inhibitors KCN and iodoacetic acid 
(see Materials and methods). In this way, the fluorescence ratio and pH¡ were 
linearly related between pH; 6.7 and 7.8, as shown in Fig. 2. Calibrations 
performed using the more common method of only nigericin in the presence of 
high-[K+] medium failed to clamp pH¡. To validate the former procedure, both 
calibrations were also performed with primary cultures of rabbit renal cells 
from the collecting system (Bindels et al. 19911, which yielded calibration curves 
similar to the calibration curve for Caco-2 cells (data not shown). 
Control pH¡ in Caco-2 cells was measured after 10 min perfusion with 
nominally НСОз'-free NaCl medium prior to the addition of NH4CI. Since Caco-
2 cells are known to undergo differentiational changes during growth, pHj was 
measured at different periods of culturing. Fig. 3 illustrates the decrease in pH¡ 
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during prolonged culturing. The pH, in 14-day cell cultures was 7.62 ± 0.03 
(n=27), and was significantly lower at 21, 28 and 35 days in culture. The pH¡ of 
35-day cell cultures was also significantly lower when compared with that after 
21 days. 
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Figure 2. Calibration curves for pH, in Caco-2 cells. Ratio of intracellular fluorescence at 440 
and 490 nm wavelength was determined in either high [K+] medium with 20 μΜ 
nigericin (o) or high [K+] medium with 10 μΜ nigericin, 5 μΜ valinomycin, 5 μΜ 
СССР, 0.1 roM KCN and 0.1 mM iodoacetic acid (·) at various pH levels. From the 
latter procedure, a calibration curve for estimating pH, was calculated by means of 
linear regression (n=50, r=0.90). 
Effects of a NH4+/ ЫНз-pulse on pH¡. 
In order to study the mechanisms involved in regulation of pH¡,the recovery 
of pH¡ after a cytoplasmic acid load was investigated. Addition of 30 mM NH4CI 
resulted in a rapid pH¡ rise to approximately 8.0. It was not possible, however, to 
give an exact value for the experimentally induced high pH¡ values, since BCECF 
fluorescence and pH are no longer linearly related when pH exceeds 7.8. After 
reaching the maximum value, pH¡ slowly decreased during 5 min perfusion with 
NH4CI. When the perfusate was switched to a NH4Cl-free NaCl medium, pH¡ 
dropped instantaneously to 6.73 ± 0.04 (n=16), subsequently recovered to 7.54 ± 
0.10 (n=7), and was then not significantly different from control levels (/ЪЮ.5). 
pH 
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Figure 3. The pH¡ of Caco-2 cells at different periods of culturing, measured in NaCl medium 
in the absence of added HCO3/CO2. Bars represent the mean ± SE of at least 18 
experiments for cells of 14- to 35-day cultures. All values were significantly different 
from the 14 day cultured cells (*, P<0.05). 
Effects of SCH 28080, amiloride and removal of extracellular Na+ on the 
recovery ofpH¡. 
The involvement of a gastric-like (H+-K+)-ATPase in the regulation of pH·, 
was investigated by the addition of 100 μΜ SCH 28080 following perfusion with 
NH4CI. Fig. 4A and table 1 show the inhibitory effect of SCH 28080 on the 
recovery of pH¡. Since SCH 28080 inhibited only a small percentage of the total 
recovery rate at pH¡ 6.8, amiloride and removal of extracellular Na+ were tested 
for their inhibitory effects on recovery of pH¡ following the acid load. As shown 
in Fig. 4B and table 1, 1 mM amiloride inhibited the recovery of pH¡ from acid 
loading when compared with recovery in the presence of extracellular Na+. 
Similar inhibitory effects were observed when the perfusate was changed to a 
Na+-free medium following perfusion with NH4CI (Fig. 4C and table 1). The 
recovery rates in the presence of amiloride and absence of Na+ were not 
significantly different (P>0.05). Of importance is the persistence of a residual 
recovery of pH¡ after the NH3/NH4+-pulse in the presence of 1 mM amiloride 
and in the absence of extracellular Na+ (Fig. 4B/C), indicative of an additional 
mechanism in Caco-2 cells for the recovery of pH¡ following acid loading. In 
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order to prove that such a mechanism was a gastric-like (H+-K+)-ATPase, 
additional effects of SCH 28080, K+-free medium and ouabain on the inhibition 
of pHj recovery in the presence of amiloride were tested (table 2). Addition of 
SCH 28080 or K+ depletion, but not ouabain, significantly (P<0.05) increased the 
inhibition of recovery rates at pH¡ 6.8 in the presence of amiloride. 
pH, 
С 
5 min 
Figure 4. Typical experiments representative of at least 3 experiments, comparing the recovery 
of pH, after a NH4+/NHvpulse in NaCI medium (A, upper trace) with the inhibitory 
effects of 100 μΜ SCH 28080 (A, lower trace), 1 mM amiloride (B) and replacement 
of NaCI medium by Na+-free NMGCI medium (C). Cells were cultured for 14 days 
and pH, was measured in HEPES-buffered NaCI medium in the absence of added 
НСОз/С02. 
As pH, in Caco-2 cells changed during prolonged culturing, the inhibitory 
effects of amiloride and SCH 28080 on pH¡ recovery following an acid load were 
studied in cells cultured for 21, 28 and 35 days, and compared with effects 
observed in 14-day cultures. Amiloride and SCH 28080 inhibited the recovery of 
pHi in all ages of cell culture. The rate of recovery at pH¡ 6.8 in NaCI medium 
was decreased significantly at 28 and 35 days of culturing, as demonstrated in 
Fig. 5. This decrease in recovery rate was due to a significant decrease in the 
SCH-28080-insensitive part of the recovery, whereas SCH-28080-sensitive and 
amiloridc-insensitive recovery of pH¡ remained constant (Fig. 5). These results 
indicate that the relative contribution of Na+-H+-exchange to the recovery of pH¡ 
decreased after 21 days of culturing, while the relative contribution of a gastric-
like (H+-K+)-ATPase to pH¡ recovery increased over prolonged culturing 
7.0 _ 
6.6 J 
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periods. 
Table 1. Inhibition of the recovery rates at pH, 6.8 in Caco-2 cells at 14 and 21 days in culture. 
Inhibitor η dpH,/dtpii¡ б я (pH units/min) 
control 
SCH 28080(100 μΜ) 
amiloríde(l m M) 
Na+-free medium 
Values are the mean ± SE for the number of experiments indicated. 
* Significantly different from control (P<0.05). 
Table 2. Effects of SCH 28080, K+-free medium and ouabain on the recovery rates at pH, 6.8 
in the presence of amiloride in Caco-2 cells in culture for 14 and 21 days. 
19 
13 
13 
6 
0.14 ±0.01 
0.10 ±0.01 * 
0.04 ± 0.01 * 
0.02 ± 0.01 * 
Inhibitor 
amiloride (1 mM) 
amiloride + SCH 28080 ( 100 /ЛИ) 
amiloride + K+-free medium 
amiloride + ouabain (1 mM) 
η 
I I 
5 
4 
4 
Inhibition (% ) 
71 ± 4 
85 ± 3 * 
8 9 ± 5 * 
79 ± 2 
Values are the mean ± SE for the number of experiments indicated. In each experiment, 
the percentage of inhibition was calculated by comparison with the total recovery rates at 
pHj 6.8 in NaCI medium (mean ± SE, see table 1), measured at the same day in cells of 
the same passage and culture period. 
* Significantly different when compared with amiloride (P<0.05). 
Effect of N-ethylmaleimide and Bafilomycin A¡ on the recovery of pH i and 
colonic H*-ATPase activity. 
Since a У -ethylmaleimide-sensitive H+-ATPase was shown to be present in 
microsomal fractions of rabbit distal colon mucosa containing a K+-dependent-
SCH-28080-sensitive H+-ATPase |Kaunitz and Sachs, 19861, the effect of N-
ethylmaleimide on the recovery of pH¡ after acid loading in Caco-2 cells was also 
tested. W-ethylmaleimide clearly inhibited pH¡ recovery (Fig. 6). In the presence 
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of 1 mM /V-ethylmaleimide, the rate of recovery at pH¡ 6.8 was 0.03 ± 0.01 pH 
units/min (n=15), which, as in the presence of amiloride, remained unchanged 
upon prolonged cell culture. In order to test whether the inhibitory effect of N-
ethylmaleimide is indicative of the presence of an H+-ATPase, a more potent and 
specific inhibitor of vacuolar type ATPases, bafilomycin A| was used. 
Concentrations of bafilomycin A| up to 1 μΜ did not inhibit the recovery of pHi 
following the acid load (Fig. 6). The rate of recovery at pH¡ 6.8 for cells in 
culture for 14 days was 0.16 ± 0.02 pH units/min (n=5) and was not significantly 
different from recovery rates in NaCl medium. In contrast, bafilomycin Α ι 
inhibited ATP-dependent H+ transport in microsomal fractions of rabbit distal 
colon in a dose-dependent manner (Fig. 7). The half-maximal inhibitory dose 
was 5 ± I nM (n=3) and maximal inhibition of ATP-dependent H+ transport was 
virtually the same for both bafilomycin Α ι and 50 μΜ /V-ethylmaleimide, that is 
57 ± 12 % and 62 ± 5 % (n=3) of the total activity, respectively . 
Rate of recovery at pH 6.8 (pH units/min) . 
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Fignre 5. Rates of pH, recovery in Caco-2 cells at pH, 6.8 after a 5-min NH^/NH^ pulse in 
NaCl medium (o), in the presence of 0.1 mM SCH 28080 ( · ) , or in the presence of 1 
mM amiloride (A) as a function of days in culture. Values are the means ± SE for 3 to 
10 experiments. 
Discussion 
Our results convincingly demonstrate the presence of an (H+-K+)-ATPase in 
Caco-2 cells. This enzyme is not only immunologically detectable by the use of a 
monoclonal antibody against the gastric (H+-K+)-ATPase (mAb 5-B6), but is also 
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functionally involved in pH¡ regulation. 
The contribution of (H+-K+)-ATPase to the recovery of pH¡ after acid 
loading can be demonstrated in either the absence or presence of amiloride and 
was 20-30 % of the total recovery rate at pH¡ 6.8. Besides this minor role of (H+-
K+)-ATPase, (Na+-H+)-exchange plays a major role in regulating pH¡ after acid 
loading, since the recovery of pH¡ can be inhibited by either removal of 
extracellular Na+ or addition of 1 mM amiloride. These results confirm the 
findings of Watson et al. |1991|, who described the presence of a (Na+-H+)-
exchanger in the basolalerai membrane of Caco-2 cells. Whereas we clearly 
measure recovery of pH¡ following a NH4+/NH3-pulse in either the absence of 
extracellular Na+ or the presence of 1 mM amiloride, Watson et al. |1991] did 
not report additional mechanisms for pH¡ recovery. 
pHi 
7.2 
6.8 
6.4 
5 min 
Figure 6. Inhibition of pH¡ recovery after a NH4+/NH-» pulse by Ι μΜ bafilomycin Α ι or 1 mM 
Af-ethylmaleimide(NEM). Recovery of pH¡ was measured in cells in culture for 14 
days, when the perfusate was changed from NH4CI to NaCl medium and 
supplemented with 1 μΜ bafilomycin A| or 1 mM NEM. These traces represent 
typical results for at least 3 experiments. 
The resting pH¡ in 14-day cultures of Caco-2 cells is 7.62 ± 0.03 (n=27), 
and decreased on prolonged cell culture. Although the high pH¡ levels can be 
explained by the absence of НСОз'-dependent transport systems | Watson el al. 
I991|, it is noteworthy that the pH¡ of cells in culture for more than 21 days 
reached levels published for cultured intercalated cells of the medullary 
ΙΟ"
6
 M Bafilomycin Ai 
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collecting duct [Kuwahara et al. 1990|. Since it has been shown that these cells 
exhibit a У -ethylmaleimide-sensitive H+-ATPase in the plasma membrane, and 
that increased pH¡ values are associated with the presence of Na+-independent pH¡-
regulating mechanisms |Brion et al. 1989; Stanton et al. 1990], the SCH-28080-
sensitive and У -ethylmaleimide-sensitive pHj-regulating mechanisms in Caco-2 
cells may be involved in maintaining a resting pH¡ above 7.4 in НСОз'-free 
solutions. Alternatively, the fact that the resting pH¡ value decreases on prolonged 
cell culture when proliferation decreases and differentiation commences, 
supports the view that (Na+-H+)-exchange activity is higher during cell growth 
than during differentiation [Frelin et al. 19881. 
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Figure 7. Dose-dependent effects of bafilomycin Α ι on the ATP-dependent Η + accumulation in 
membrane vesicles of rabbit, colonic, mucosa scrapings. In each experiment, H+-
ATPase activity of the control (i.e.with 0.5% (v/v) DMSO) was set to 100%. Values 
are presented as the mean ± SE from 3 separate isolations. 
In addition to pH¡ itself, recovery of pH¡ alters on prolonged cell culture. A 
significant decrease in recovery rates at pH¡ 6.8 was seen after 21 days in culture 
in both NaCl medium and NaCl medium supplemented with SCH 28080. We do 
not know whether the decrease in recovery rates is due to a reduced activity of a 
SCH-28080-insensitive mechanism, most likely the (Na+-H+)-exchanger, or an 
increase in intracellular buffering capacity. In spite of this, we conclude that the 
relative importance of (Na+-H+)-exchange is decreased over prolonged culturing 
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periods. Recovery rates at pH¡ 6.8 in the presence of 1 mM amiloride are not 
significantly changed throughout these periods (P>0.2), indicating that the 
relative contribution of the amiloride-insensitive recovery of pH¡ to the total 
recovery of pH¡ increases after 21 days of culture. The SCH-28080-sensitive 
mechanism is, therefore, optimally studied in Caco-2 cells after 28 days in 
culture. 
Following a NH4+/NH3-pulse, pH, recovery at pH¡ 6.8 was not only inhibited 
by amiloride and SCH 28080 by up to 90%, but also greatly reduced by N-
ethylmaleimide. Inhibition by addition of amiloride or by Na+ removal clearly 
indicates the presence of (Na+-H+)-exchange. On the basis of the specificity of 
SCH 28080 [Wallmark et al. 1987|, the SCH-28080-sensitive recovery of pH¡ 
most likely occurs via a H+-secretory mechanism similar to the gastric (H+-K+)-
ATPase. In contrast, У -ethylmaleimide is a sulfhydryl reagent known to inhibit 
the vacuolar H+-ATPase in microsomal preparations and may have various other 
effects. It is most likely that N-ethylmaleimide inhibits the recovery of pH, 
through a mechanism other then a vacuolar type H+-ATPase, although it has been 
used for this purpose to identify both Na+- and HCO3" -independent recovery 
from acid loading in intercalated cells of the medullary collecting duct 
IKuwahara et al. 1990; Stanton et al. 1990]. Since bafilomycin Αι inhibits 
vacuolar type ATPases in a more potent and specific way [Bowman et al. 1988], 
it has been used to identify the vacuolar-type H+-ATPase in the plasma 
membranes of osteoclasts, collecting duct cells and macrophages [Swallow et al. 
1990; Mattson et al. 1991]. Our results clearly demonstrate that bafilomycin A| 
does not inhibit the recovery of pH¡ after the NH4CI pulse in Caco-2 cells, 
whereas W-ethylmaleimide-sensitive H+-ATPase activity in microsomal fractions 
of rabbit distal colon epithelium was inhibited by bafilomycin A| at 
concentrations comparable those used for inhibition of H+-ATPases in membrane 
vesicles from osteoclasts and kidney medulla [Mattson et al. 1991]. The inhibition 
of pH¡ recovery by У -ethylmaleimide is, therefore, thought to occur through an 
alternative mechanism to an H+-ATPase. 
In conclusion, Caco-2 cells can be used as a model for colonic crypt cells 
with respect to regulation and expression studies of an (H+-K+)-ATPase. The (H+-
K+)-ATPase resembles that of rabbit distal colon both with respect to SCH 28080 
sensitivity and ouabain insensitivity. Moreover, like the (H+-K+)-ATPase of 
rabbit distal colon, it is recognised by a mAb raised against the gastric (H+-K+)-
ATPase. The (H+-K+)-ATPase contributes to pH¡ recovery following an acid load 
and is most conveniently studied after 28 days of cell culture, when the relative 
contribution of a (Na+-H+)-exchanger to pH¡ recovery is reduced. 

Chapter 6 
General discussion 
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The aim of this thesis was to localize the colonic (H+-K+)-ATPase and to 
elucidate its function. Furthermore, the presence of this enzyme and other 
transport mechanisms in surface and/or crypt cells was investigated. 
Isolation and characterization 
In order to characterize the colonic (H+-K+)-ATPase, this enzyme has to be 
isolated firstly. In addition, for achieving optimal activity of (H+-K+)-ATPase, 
isolation within its native environment, that is the apical membrane, is required. 
Therefore, a procedure for the isolation of apical membranes was developed 
(chapter 2). However, proteins, like the (H+-K+)-ATPase, that fulfil their 
function in the plasma membrane of polarized epithelial cells are likely to be 
found in other cellular compartments that are either involved in protein synthesis 
or in protein routing to the apical and basolateral membrane |Rodriquez-Boulan 
and Powell, 1992|. Therefore, isolating apical membranes requires a marker that 
is unique for this membrane, in addition to the simultaneous identification of 
membrane markers of other subcellular compartments. Since such a marker for 
the apical membrane of colonic epithelial cells was not available, an artificial 
marker was introduced by coupling FITC to the apical membrane of intact cells. 
Transport of FITC to other subcellular membranes was prevented by labelling 
the luminal membrane at 4 eC. Several proteins that are functionally associated 
with the apical membrane were also used as markers. These proteins included the 
(H+-K+)-ATPase, alkaline phosphatase, and multidrug resistance gene product P-
glycoprolein. Moreover, K+ independent ouabain-insensitive ATPase activity of 
unknown origin was found to be associated with apical membrane markers of 
colonic surface and crypt cells. Membrane fractions, isolated as described in 
chapter 2 were enriched in all these markers, whereas marker enzyme activities 
specific for other subcellular membranes were low. Therefore, it can be 
concluded that these fractions were enriched in apical membranes. 
(H+-K+)-ATPase, measured as K+-stimulated ATPase and SCH-28080-
sensitive ATPase, was present in both surface and crypt cells. However, in 
surface cells SCH-28080-sensitive ATPase activity was significantly lower than 
K+-stimulated ATPase activity. Most likely, two types of K+-ATPases are present 
in apical membranes of rabbit colonic surface cells: an (H+-K+)-ATPase that was 
insensitive to ouabain and sensitive to SCH 28080 and therefore resembles gastric 
(H+-K+)-ATPase, and an ouabain and SCH-28080-insensitive K+-ATPase. In 
contrast, K+-stimulated ATPase activity equalled SCH-28080-sensitive ATPase 
activity in crypt cells. In addition, K+-stimulated ATPase activities in 
homogenates of crypt and surface cells were similar, whereas SCH-28080-
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sensitive ATPase activity was 2-3 times higher in crypt cells then in surface cells. 
This is in agreement with results shown by Takeguchi and coworkers ]1990|, 
who showed that an antibody against the gastric (H+-K+)-ATPase recognized an 
epitope in colonic epithelial cells, that was most abundant in crypt cells. 
Interestingly, apical membranes from surface cells of rat distal colon also contain 
two types of K+-stimulated ATPases: an ouabain-sensitive ATPase, that mediates 
active K+ absorption, and an ouabain-insensitive ATPase |Del Castillo et al. 1991; 
Tabuchi et al. 19921. Therefore, colonic surface cells most likely contain two 
types of K+-ATPases. Colonic expression of the novel ATPase cloned by 
Crowson and Shull [1992J is only expressed in surface cells [Jaisser et al. 1993], 
indicating that this protein could well be the ouabain-insensitive and SCH-28080-
insensitive K+-ATPase. 
Apical membranes were isolated in order to purify the colonic (H+-K+)-
ATPase for biochemical characterization of the enzyme. Although enzyme 
activity was increased 5-10 times in isolated fractions, relative activity did not 
exceed 10% of total activity. Therefore it turned out to be impossible to 
determine the K+-dependency and SCH 28080 sensitivity of the enzyme when the 
ATPase assay was used. We also tried to determine (H+-K+)-ATPase activity as 
K+-dependent dephosphorylation or SCH-28080-sensitive phosphorylation, since 
this assay has been used successfully to measure low amounts of gastric (H+-K+)-
ATPase activity expressed in a baculovirus expression system [Klaassen et al. 
1993). Unfortunately, these experiments also failed to yield reliable and 
unambiguous results. 
Transport mechanisms in colonic apical membrane vesicles 
The previously described isolation procedure for apical membranes was 
originally developed to characterize colonic (H+-K+)-ATPase, but also allowed 
molecular identification of other transport mechanisms associated with this 
membrane. This is of particular importance, since use of the patch clamp 
technique for studying ion channels in plasma membranes of colonic crypt cells is 
impossible due the ultrastructure of the tissue [Wills, 1984]. As shown by 
mannitol uptake studies and deduced from maximum (H+-K+)-ATPase activity 
after a detergent treatment, the membrane fractions consisted in resealed vesicles 
(chapter 2). In chapter 3 the applicability of these vesicles in studying ion 
channels was tested. As demonstrated, vesicles could be fused with planar lipid 
bilayers, and ion channels associated with these membranes could be 
characterized. Thus, a powerful tool is now available for biochemical and 
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biophysical characterization of transport mechanisms within the apical membrane 
of the rabbit distal colon, which will contribute to our knowledge of the multiple 
ion channels in the distal colon that are involved in ion absorption and secretion. 
Functional aspects of the colonic (H+-K+)-ATPase. 
In analogy to the renal (H+-K+)-ATPase, the colonic (H+-K+)-ATPase is 
thought to participate in K+ homeostasis of the body. In fact, K+ absorption was 
shown to be increased in animals on a K+-restricted diet [Foster et al. 1986; 
Tannen et al. 1986]. However, (H+-K+)-ATPase activity in rabbit distal colon is 
not increased upon dietary K+ restriction (chapter 2). This observation is in 
agreement with results of Tannen and coworkers [1986], who showed that the 
dietary K+ restriction induced increase in K+ absorption was entirely due to a 
decrease in K+ flux from serosa to mucosa. Thus, (H+-K+)-ATPase activity in the 
distal colon is most likely not the rate limiting factor in K+ absorption. Rather, 
changes in basolateral and apical membrane K+ permeability result in the 
reduction of K+ secretion and increase in K+ absorption. Alternatively, K+ 
absorption in the colon is only of minor importance, since enhanced K+ 
reabsorption in the kidney may entirely compensate the reduction in daily K+ 
intake. 
Besides participation in K+ conservation, the colonic (H+-K+)-ATPase may 
also be involved in regulation of pH¡. In fact, (H+-K+)-ATPase in K+-restricted 
rats acts in concert with (Cl"-HC03")-exchange, indicative for the coupling of 
acid and base transporters to maintain pH¡ at a constant level [Foster et al. 19861. 
Therefore, the involvement of the (H+-K+)-ATPase in regulating pH¡ was studied, 
by measuring the contribution of (H+-K+)-ATPase to pH¡ recovery after 
acidification of the cytoplasm (chapters 4 and 5). 
Similar studies have been performed in other cells containing (H+-K+)-
ATPase. In gastric parietal cells, the (H+-K+)-ATPase did not contribute pH¡ 
regulation in cells at rest [Paradiso et al. 1989|. Moreover, recovery of pH¡ from 
an acid load was completely Na+-dependent and amiloride-sensitive in the absence 
of HCO3VCO2 in these quiescent cells [Townsley and Machen, 1989]. Upon 
stimulation of acid secretion, the alkalinization due to (Na+-H+)-exchange and 
increased (H+-K+)-ATPase activity was prevented by increased (СГ-НСО3")-
exchange activity [Machen and Paradiso, 1987]. In these stimulated cells, the 
action of the (H+-K+)-ATPase influences pH¡, as addition of omeprazole resulted 
in a decrease of pH¡ |Paradiso et al. 1989]. Until now, however, the contribution 
of the (H+-K+)-ATPase to the recovery pH¡ after an acid load in stimulated 
parietal cells has not been studied in the absence of Na+ and HCO3". 
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Data on contribution of the renal (H+-K+)-ATPase to intracellular pH¡ 
regulation are conflicting. Preliminary studies have demonstrated the 
involvement of a SCH-28080-sensitive, K+-dependent H+ secretory mechanism in 
acid loading induced pH¡ recovery of intercalated cells from cortical collecting 
duct [Laski, 1991; Silver et al. 19911. Whereas SCH 28080 had no effect on the 
recovery of pH¡ from an acid load in epithelial cells of the inner stripe of outer 
medullary collecting duct [Hays and Alpern, 1990|. On the other hand, in many 
studies with renal epithelial cells, the nature of the Na+-independent H+ secretion 
in response to acid loading has been identified by the use of N-ethylmaleimide 
IBrion et al. 1989; Kuwahara et al. 1990; Dagher and Sauterey, 19911. However, 
yV-ethylmaleimide does not discriminate between vacuolar type H+-ATPase and 
gastric-like (H+-K+)-ATPase [Nagaya et al. 1989]. Moreover, /V-ethylmaleimide 
can reduce recovery of pH¡ via mechanisms distinct from H+-ATPases as shown 
in chapter 5. 
In smooth muscle cells, inhibition of (H+-K+)-ATPase upon addition of 
omeprazole or removal of K+ resulted in a decrease in pH¡ [McCabe and Young, 
1992|. Contribution of (H+-K+)-ATPase to pH¡ regulation in airway epithelial 
cells and osteoclast is still unknown. 
(H+-K+)-ATPase did not contribute to the recovery of pH¡ in isolated crypt 
cells of the rabbit distal colon (chapter 4), despite the fact that SCH-28080-
sensitive ATPase activity was most abundant in these cells (chapter 2). In 
addition, there is no evidence for the involvement of the (H+-K+)-ATPase in pH¡ 
regulation of isolated epithelial cells [Kaunitz, 1988]. In contrast to rabbit colon, 
(H+-K+)-ATPase clearly contributed to the recovery of pH¡ after an acid load in 
the human colon carcinoma cell line Caco-2 (chapter 5). The fact that H+ 
secretion, mediated by (H+-K+)-ATPase, may require activation of other 
transport mechanisms, such as K+ and CI "-channels, that differ among crypt cells 
of rabbit distal colon and Caco-2 cells, might explain the discrepancy in these 
results. 
Cell models for (H+-K+)-ATPase 
The colonic (H+-K+)-ATPase is expressed in the human colon carcinoma 
cell line Caco-2 (chapter 5). These cells can, therefore, serve as a model system 
for colonic epithelial cells containing the (H+-K+)-ATPase. Cell lines have some 
disadvantages, such as the possible expression of functions normally not present 
in the epithelium, and generation of spontaneous variants upon prolonged passage 
in culture. Therefore, care should be taken in the interpretation of the 
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experimental data. Nevertheless, these disadvantages count for little compared to 
the advantages such as the ability to investigate large numbers of samples, a 
decrease in variability and increase in reproducibility due to homogeneity of the 
cell population, and the reduction in number of animals sacrificed. Some 
attention has been paid to characterize the regulation of (H+-K+)-ATPase in Caco-
2 cells and to identify this enzyme biochemically. However, enzyme activity was 
to low to obtain reliable data. We therefore tried to increase the amount of 
enzyme by attempting to clone the cells which contain high amounts of (H+-K+)-
ATPase. Since Caco-2 cells consists of a morphological heterogeneous cell 
population, this procedure has been successfully utilized to clone cells with an 
increase in taurocholic acid transport and to increase brush border containing 
cells [Woodcock et al. 1991; Peterson and Mooseker, 1992]. However, in our 
hands selected clones of Caco-2 cells proved to be unstable and reverted to the 
original cell line after prolonged cell culture based on morphological and 
biochemical characteristics. 
Besides Caco-2 cells, 2 different cell lines expressing an (H+-K+)-ATPase 
have been identified. Both cell lines, RCCT-28A and MDCK, have been derived 
from distal nephron epithelial cells [Oberleithner et al. 1990; Bello-Reuss et al. 
1993]. The use of these cell lines may help to increase our understanding of the 
function and regulation of the renal and colonic (H+-K+)-ATPase. 
Conclusions 
In this thesis, functional properties of the colonic (H+-K+)-ATPase and its 
distribution over surface and crypt cells were examined. (H+-K+)-ATPase was 
present in the apical membrane of surface and crypt cells, whereas a second and 
novel K+-ATPase was present in the apical membrane of surface cells only. 
Purification of the colonic (H+-K+)-ATPase resulted in the development of a 
method for isolating apical membrane vesicles derived from crypt and surface 
cells. These vesicles can be used in molecular identification of ion channels that 
reside in the apical membrane of the colonic epithelial cells. Colonic (H+-K+)-
ATPase activity was not increased in dietary K+ restriction, nor did it contribute 
to pH¡ recovery after acid loading of crypt cells. (H+-K+)-ATPase was shown to 
be present the human colon carcinoma cell line, Caco-2. In contrast to crypt 
cells, (H+-K+)-ATPase in Caco-2 cells was involved in recovery of pH¡ after an 
acid load of these cells. 
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Summary / Samenvatting IUI 
Summary 
This thesis describes a study of the localization and functional properties of 
colonic (H+-K+)-ATPase. 
In chapter 1 the fundamental and clinical relevance of this study is indicated. 
An overview of the anatomy and physiology of the mammalian colonic 
epithelium is included, followed by a description of the current knowledge of the 
colonic (H+-K+)-ATPase, a mechanism involved in active K+ absorption. 
Previous reports on purification of this enzyme through isolation of the apical 
membranes, and the problems that are encountered on working with the colonic 
epithelium are summarized. At the end of this chapter, specific goals of this 
thesis are defined. 
Chapter 2 describes the isolation procedure that was developed to obtain 
membrane fraction, enriched in apical membrane marker enzymes, from surface 
and crypt cells of rabbit distal colon. Apical membranes from surface cells were 
isolated upon formation of brush border caps during mild homogenization, 
sedimentation after low speed centrifugation, followed by fractionation on a 
Percoli density gradient and collection of a high density band. Apical membranes 
from crypt cells were isolated upon high speed centrifugation after 
homogenization, followed by fractionation on a Percoli density gradient and 
separation of a low density band on a discontinuous sucrose gradient. The colonic 
(H+-K+)-ATPase proved to be a good marker enzyme, since it was present in 
both surface and crypt cells. Isolated fractions of surface and crypt cells were 
enriched in (H+-K+)-ATPase activity by 4 and 8 fold, respectively when 
compared to homogenates. A K+-stimulated ATPase that is insensitive to SCH 
28080 is present in surface cells only. Finally, colonic (H+-K+)-ATPase activity 
was not increased upon dietary K+ restriction. 
Chapter 3 deals with the applicability of the apical membrane fractions in 
studying endogenous ion channels, and investigating their occurrence in surface 
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and crypt cells. The planar lipid bilayer technique was used to identify the ion 
channels. From a total of 7 different ion channels encountered in this study, a Cl"-
channel, similar to the outward rectifying intermediate conductance Cl"-channel 
in secretory epithelia, was detected most often. The presence of the multidrug 
resistance gene product P-glycoprotein in isolated fractions was investigated 
using Western blotting. Apical membrane fractions were enriched in P-
glycoprotein, and a 6 fold higher level was found in surface cells when compared 
to crypt cells. Na+-channels were studied by measuring 22Na+ uptake into vesicles 
from crypt and surface cells homogenates. A high affinity amiloride-sensitive 
conductive pathway for 22Na+ uptake into vesicles (K¡ = 28 ± 9 nM, n=3) was 
present in surface cells only. 
In chapter 4 the contribution of (H+-K+)-ATPase to intracellular pH 
regulation was investigated. To this end, crypts were microdissected from rabbit 
distal colon, and intracellular pH was measured using the pH-sensitive dye 
BCECF in combination with digital imaging fluorescence microscopy, allowing 
intracellular pH measurement at the single cell level. In response to an acid load 
in the absence of HCO3", intracellular pH recovers to control levels through Na+-
dependent as well as Na+-independent mechanisms. The Na+-dependent 
mechanism was identified as (Na+-H+)-exchange. The Na+-independent 
mechanism was not identified, but the involvement of (H+-K+)-ATPase or a 
vacuolar type H+-ATPase could be excluded. In conclusion, the (H+-K+)-ATPase 
does not contribute to the regulation of intracellular pH in colonic crypt cells 
In chapter 5 the question is addressed whether a cell model for the colonic 
epithelium is available with respect to the presence of the (H+-K+)-ATPase. 
Mechanisms involved in the regulation of intracellular pH in the human colon 
carcinoma cell line Caco-2, were studied in monolayers using the pH-sensitive 
dye BCECF. These experiments were similar to the ones described in chapter 4. 
Like in crypt cells, intracellular pH recovers to control levels after an acid load 
in the absence of HCO3", via (Na+-H+)-exchange and a Na+-independent 
mechanism. This latter mechanism was identified as colonic (H+-K+)-ATPase. 
Thus, the (H+-K+)-ATPase contributes to intracellular pH regulation in Caco-2 
cells. 
Finally, in chapter 6, the outcomes of this study are discussed and placed in 
a wider context. 
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Samenvatting 
Dit proefschrift beschrijft de resultaten van een onderzoek naar de 
lokalisatie en functionele eigenschappen van het (H+-K+)-ATPase uit de dikke 
darm (het colon). 
In hoofdstuk 1 is de fundamentele en klinische relevantie van dit onderzoek 
aangegeven. Een overzicht van de anatomie en de fysiologie van het colonepitheel 
van zoogdieren is hierin opgenomen, gevolgd door een beschrijving van de 
huidige kennis van het (H+-K+)-ATPase in het konijnecolon, een mechanisme dat 
verantwoordelijk is voor actieve K+-opname. Beschrijvingen, voorafgaande aan 
deze studie, van zuivering van dit enzym door middel van isolatie van de apicale 
membranen, en de problemen die bij het werken met het colonepitheel naar 
voren komen, zijn samengevat. Het hoofdstuk eindigt met de definiëring van 
specifieke doelen. 
In hoofdstuk 2 wordt de isolatie van een apicale membraanfractie van 
oppervlakte-, en cryptcellen, zoals die ontwikkeld werd, beschreven. Apicale 
membranen van oppervlaktecellen werden geïsoleerd door vorming van "brush 
border caps" tijdens de milde homogenisatie, en sedimentatie na centrifugatie bij 
lage snelheid, gevolgd door fractionering op een dichtheidsgradiënt van Percoli, 
en verzameling van een band bij hoge dichtheid. Apicale membranen van 
cryptcellen werden geïsoleerd door centrifugatie bij hoge snelheid, gevolgd door 
fractionering op een dichtheidsgradiënt van Percoli, en scheiding van een band 
bij lage dichtheid op een discontinue sucrosegradient. Het (H+-K+)-ATPase bleek 
een goed markerenzym te zijn, omdat het zowel in oppervlakte-, als cryptcellen 
aanwezig was. De geïsoleerde fracties van oppervlakte-, en cryptcellen waren, 
respectievelijk 4 en 8 maal verrijkt in (H+-K+)-ATPase activiteit, wanneer ze 
werden vergeleken met hun homogenaat. Een K+ gestimuleerd ATPase dat 
ongevoelig is voor SCH 28080 is alleen aanwezig in oppervlaktecellen. Tenslotte 
wordt de (H+-K+)-ATPase activiteit in het colon niet gestimuleerd na een reductie 
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van de hoeveelheid K+ in het dieet. 
Het onderzoek in hoofdstuk 3 heeft betrekking op de bruikbaarheid van de 
apicale membraanfracties voor de bestudering van de daarin aanwezige 
ionkanalen, en om het voorkomen van deze kanalen in oppervlakte-, en 
cryptcellen vast te stellen. De "planar lipid bilayer" techniek is toegepast voor de 
identificatie van ionkanalen. Van de in totaal 7 verschillende ionkanalen die zijn 
aangetroffen, is een СГ-kanaal, dat overeenstemming vertoont met het "outward 
rectifying intermediate conductance Cl"-channel" uit secreterend epitheel, het 
meest waargenomen. Met behulp van "Western blot" analyse is de aanwezigheid 
van P-glycoproteïne, het produkt van het gen dat onder andere verantwoordelijk 
is voor resistentie tegen cytostatica, in de geïsoleerde fracties onderzocht. 
Gezuiverde apicale membranen waren verrijkt in het P-glycoproteïne, en de 
hoeveelheid ervan is 6 maal hoger in oppervlaktecellen dan in cryptcellen. De 
aanwezigheid van Na+-kanalen in homogenaten van crypt-, en oppervlaktecellen 
is bestudeerd door het meten van amiloride gevoelige instroom van 22Na+ in 
negatief geladen membraanblaasjes. Een dergelijk instroommechanisme met een 
hoge gevoeligheid voor amiloride (K¡ = 28 ± 9 nM, n=3) is alleen in 
oppervlaktecellen aanwezig. 
In hoofdstuk 4 is de bijdrage van het (H+-K+)-ATPase aan de regulatie van 
de intracellulaire pH onderzocht. Hiervoor zijn crypten uit het epitheel van het 
konijnecolon gedissecteerd, en is de intracellulaire pH, met behulp van de pH-
gevoelige indicator BCECF in combinatie met digitale beeldverwerking en 
fluorescentiemicroscopie, op celniveau bestudeerd. Als reactie op een 
zuurbelasting in de afwezigheid van HCO3", herstelt de intracellulaire pH van 
cryptcellen tot het uitgangsniveau, middels zowel Na+-afhankelijke als Na+-
onafhankelijke H+-uitscheiding. Het Na+-afhankelijke mechanisme is een (Na+-
H+)-uitwisselaar. Het Na+-onafhankelijke mechanisme is niet nader 
geïdentificeerd, maar is in ieder geval geen (H+-K+)-ATPase of vacuolaire H+-
ATPase. Concluderend kan gesteld worden dat het (H+-K+)-ATPase in 
cryptcellen niet bijdraagt aan de regulatie van de intracellulaire pH. 
In hoofdstuk 5 wordt antwoord gegeven op de vraag of er een cellijn is die 
model kan staan voor het colonepitheel, met betrekking tot de aanwezigheid van 
het (H+-K+)-ATPase. Mechanismen die betrokken zijn bij de regulatie van de 
intracellulaire pH in de humane coloncarcinoma cellijn Caco-2, zijn in 
monolagen van cellen, met gebruik van de pH-gevoelige indicator BCECF 
bestudeerd. De experimenten werden uitgevoerd zoals beschreven in hoofdstuk 4. 
De intracellulaire pH in Caco-2 cellen herstelt zich na een zuurbelasting in de 
afwezigheid van HCO3", door middel van (Na+-H+)-uitwisseling en een Na+-
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onafhankelijk herstelmechanisme. Dit laatste mechanisme is het (H+-K+)-ATPase 
uit het colon. Het (H+-K+)-ATPase in Caco-2 cellen draagt dus bij aan de 
regulatie van de intracellulaire pH. 
Tenslotte worden de uitkomsten van dit onderzoek in hoofdstuk 6 
bediscussieerd en in een breder perspectief geplaatst. 
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